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ABSTRACT

Textile reinforced concrete (TRC) is a modern composite consisting of high-performance
concrete (HPC), textile reinforcement, and its matrix, most often from synthetic resins.
Since it is a new building material, its use is dominant in non-load-bearing constructions
such as facade panels or design elements. Nevertheless, due to its excellent mechanical
properties, TRC may be used as an alternative load-bearing material to traditional
structures materials. But before that, a detailed assessment from a fire resistance point of
view is necessary. The development of TRC described in the thesis responds to the lack
of knowledge about the fire design of TRC structures and focuses on the determination
of TRC behaviour at elevated temperatures. At the same time, it aims to increase passive
fire resistance and minimize the use of additional fire protection systems. Based on the
multi-scale testing, risk areas such as high risk of spalling of HPC layers, contribution to
the development of fire or loss of interaction between materials due to the temperature
degradation of synthetic resin matrix of textile reinforcement were defined. Based on the
findings, material optimization is proposed to reduce or eliminate these risks.
Furthermore, the work describes the influence of the polypropylene (PP) fibres in the
HPC mixture and their influence on spalling risk and load-bearing capacity of TRC. At
the same time, the substitution of a flammable synthetic matrix of textile reinforcement
with non-flammable cement-based materials is described as well as its behaviour at
ambient and elevated temperatures. All conclusions determined based on the multi-scale
experimental investigation were finally verified by real-scale testing where the official
fire resistance of TRC structural members was classified. All these conclusions expand
the development of TRC at elevated temperatures and thus should serve as a basis for the
theoretical design of TRC structural members considering their behaviour at fire

exposure.

Keywords: Textile-reinforced concrete; high-performance concrete; carbon fibres;

epoxy resin; load-bearing structures; fire resistance



ABSTRAKT (CZECH)

Textilni Zelezobeton (TRC — z anglického textile-reinforced concrete) je moderni
kompozitni material, skladajici se z textilni vyztuze, vysokohodnotného betonu (HPC —
z anglického high-performance concrete) a matrice textilni vyztuze, nejéastéji provedené
ze syntetickych pryskyfic. Vzhledem k tomu, Ze jde o relativné novy stavebni material,
je hojné vyuzivan ptedevSim u nenosnych konstrukei jako jsou fasadni panely nebo
designové prvky. Nicmén¢ diky vybornym mechanickym vlastnostem ma tento material
vysoky potencial pro pouziti u nosnych konstrukci. Nez vSak dojde k jeho pouziti u
nosnych konstrukei, je nezbytné posoudit chovani TRC z hlediska pozarni odolnosti.
Vyvoj TRC popsany v diserta¢ni praci se zamétuje na prohloubeni znalosti o chovani
textilniho betonu za zvySené teploty. Dil¢im cilem prace je minimalizovat nutnost pouZiti
dodate¢né pozarni ochrany a zvySeni pasivni pozarni odolnosti TRC. Na zaklade
provedenych experimenti byly definovany rizikové oblasti TRC jako je vysoké riziko
odlupovéani betonovych vrstev HPC, pfispévek k rozvoji pozaru vlivem vzplanuti
syntetickych pryskyfic nebo ztrata interakce mezi materidly v disledku teplotni
degradace matrice textilni vyztuze. V navaznosti na tato zjisténi byla provedena
optimalizace materialli za ucelem snizeni nebo uplného odstranéni téchto rizikovych
oblasti. V praci je téZ popsan zasadni vliv polypropylenovych vldken ve smési HPC, nebo
pouziti alternativnich materidlii matrice textilni vyztuze na cementové bazi. Tyto
materialové optimalizace byly testovany jak za bézné, tak zvysené teploty. Nakonec jsou
vSechny zavéry stanovené na zéklad¢ experimentalni ¢innosti ovéteny za pomoci zkousek
Vv realném méfitku, pticemz byla stanovena oficialni pozarni odolnost zkousenych prvki
Z TRC. Veskeré zavery uvedené v této praci by mély prohloubit znalosti o chovani dilé¢ich
materiali pouzitych pfi vyvoji textilniho betonu a tim zefektivnit budouci navrh téchto

prvki pro nosné konstrukce s ptihlédnutim na ucinky pozaru.

Klicova slova: Textilni beton; vysokohodnotny beton, uhlikové vldkno; epoxidova

pryskyfice; nosné konstrukce; poZarni odolnost
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LIST OF SYMBOLS AND ABBREVIATIONS

Name Units Description

Symbols

A m? Cross-sectional area of the specimen
v m?3 Volume

E MPa Modulus of elasticity

t min Time

Ty °C Glass transition temperature

Tm °C Melting point temperature

Tt °C Flow point temperature

Ky - Uncertainty coefficient

fc MPa Compressive strength

fef MPa Tensile bending strength

h mm Total height of real scale specimen
C mm Vertical compression deformation limit

Abbreviations

TRC - Textile-reinforced concrete

HPC - High-performance concrete
UHPC - Ultra-high-performance concrete
ER - Epoxy resin

PFS - Passive fire protection system
RFS - Reactive fire protection system
IC - Intumescent coating

LCC - Life cycle costs

TACR - Technical Agency of the Czech Republic
DSC - Differential scan calorimetry
CFRP - Carbon fibre reinforced polymer

Since the thesis contains the results that have been published in different publications, it
was not possible to keep the uniform nomenclature throughout the entire thesis.
Therefore, the list of symbols contains only general symbols and abbreviations used in

the thesis. The rest is explained in the appropriate parts of the thesis or related papers.
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1. INTRODUCTION

Motivation

Textile reinforced concrete (TRC) is a modern composite material consisting of high-
performance concrete (HPC) or ultra-high-performance concrete (UHPC), textile
reinforcement and a textile reinforcement matrix, most often made of synthetic resins.
The development of TRC dates back to approximately the 1980s [1, 2], which means it is
a relatively new material in civil engineering. TRC is most commonly used for non-load-
bearing structures, i.e. shell constructions, design elements, facade panels, rarely as load-
bearing members [3, 4]. For this reason, limited design regulations and standards are
available for load-bearing structures. Consequently, it has not been necessary to assess
the TRC elements in terms of fire resistance. Before using TRC in civil engineering for
structural members, it is necessary to extend knowledge about its behaviour at elevated

temperatures.

In general, TRCs can be manufactured from different materials. However, the most
common combination of materials consists of HPC, which achieves compressive strength
exceeding 100 MPa, and textile reinforcement from carbon, basalt or glass fibres. Textile
reinforcement can be used in variants with or without impregnation, i.e. reinforcement
matrix. The impregnation is most often performed from synthetic resins due to their
homogeneity and therefore ability to saturate the whole textile yarn. The matrix combines
the textile yarn together and enables its full tensile utilization because all the individual
filaments interact in the yarn. Therefore, the impregnated variant of reinforcement
reached higher mechanical properties [5, 6]. Due to the combination of materials with
higher mechanical properties, i.e. the compressive strength of HPC and the tensile
strength of textile reinforcement, TRC achieves excellent mechanical properties, visual
quality and, thanks to the use of less amount of materials during production, also lower

impact on the environment [7, 8].

These materials proved its excellent mechanical properties at ambient temperatures.
However, before using TRC for load-bearing structures, it is necessary to define its
behaviour at elevated temperatures. From the fire resistance point of view, insufficient
behaviour of some materials can be expected during fire exposure. Based on the material

and literature investigation, low-temperature resistance of synthetic resin matrix was
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determined as the most critical part of TRC hot design together with behaviour of HPC
at elevated temperatures [9, 10]. The behaviour of these materials is directly linked to the
structural design of lightweight slender constructions. Due to the possibility of producing
subtle structures, TRC structural members heat up faster than massive traditional
reinforced concrete structures. Therefore, it is necessary to assess the individual
components, determine the risk areas and extend the knowledge about designing slender

load-bearing TRC members from the fire resistance point of view.

The experimental work presented in this thesis aims to describe the TRC risk areas after
fire exposure and simultaneously improve the behaviour of TRC at elevated temperatures.
The output of the experimental work should be a proposal for further material
optimization, replacement of the flammable TRC components (i.e. epoxy resin matrix) or
a recommendation for an adequate fire protection system to avoid temperature
degradation of materials at fire exposure. The presented research is based on the
previously performed research in this field [3, 4, 11, 12] and focuses primarily on fire
testing. At the same time, all the performed research work follows the author’s
conclusions from the master thesis [13] with the support of research projects [14, 15]
focused on the development of TRC for lightweight load-bearing structural members. For
a schematic load-bearing structure with hollow section from TRC, see Figure 1.

Figure 1: Schematic TRC load-bearing member with hollow section
Legend: A — carbon textile reinforcement; B — carbon fibre reinforced polymer (CFRP)
bending rebars; C — high-performance concrete
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Textile-reinforced concrete — review of materials

The review of materials given in this chapter focuses primarily on the behaviour of the
materials, especially from the point of view of elevated temperatures [7, 8, 11, 16]. Since
detailed description of materials is given in the introduction chapters of the attached
publications, listed in Annex A — Appended papers, this chapter provide only a brief

summary of the topic.

In general, TRC achieves excellent mechanical properties at ambient temperature
compared to traditional construction materials such as dominantly used reinforced
concrete. Moreover, the resulting environmental impact of TRC is significantly lower
[17-19]. A better environmental rating of TRC can be achieved because less materials
with better mechanical properties are used. Also, due to the higher strength of materials,
it is possible to design structural members with hollow sections. At the same time, the
material reduction is associated with better resistance of the textile reinforcement against
atmospheric corrosion. Consequently, the covering layers can be designed only from the
viewpoint of interaction between materials. However, using materials with higher
strengths is also associated with a more complicated HPC production process or an
emphasis on the precise definition of the cover layers distances. Therefore, this
construction material is intended exclusively for prefabrication [20, 21]. The description
of the individual mechanical properties and the basic description of the individual

materials are summarized in the following subchapters.

High-performance concrete

For the manufacturing of TRC, HPC is used for its higher compressive strength, better
workability and modulus of elasticity in comparison to concretes with standard
mechanical parameters [22, 23]. The HPC mixture used for the preparation of
experimental samples was developed for different applications under previous research
projects at CTU in Prague [24]. The production of HPC was carried out according to the
prescribed procedure, where the cured concrete has the following material properties:
compressive strength 115.0 MPa, tensile strength 11.5 MPa and modulus of elasticity
49.5 GPa.
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HPC can be produced with the use of plasticizers, which makes it possible to use a smaller
water/cement ratio (W/C) during the HPC mixture preparation. Since less water is used
in the manufacturing of the concrete mixture, the final hardened construction element has

a significantly higher compressive strength associated with lower porosity, see Figure 2.

Water/cement ration = 0.65 [-] Water/cement ration = 0.25 [-]

Legend:
[ 1 Pores formed after water evaporated

[ Hydrated cement particles

Figure 2: Comparison of the concretes with different water/cement ration [22]

From the fire resistance point of view, HPCs have worse fire resistance than standard
concretes, which should be considered during the TRC structure design. It is mainly due
to the higher risk of spalling and the related weakening of the structures [22]. This
negative behaviour at elevated temperatures is primarily affected by the absence of pores
caused by the small W/C ration. It implies that HPC cannot provide water vapour
migration through the pores from the central part of the structure to the outside and thus,
the vapour pressure in the construction can increase [25]. Therefore, the risk of spalling
rapidly increases, as does the associated risk of structural weakening in the case of slender
structures. The absence of pores of HPC can be substituted by adding polypropylene (PP)
fibres to the concrete mixture. These fibres evaporate at a relatively low temperature
(170 °C, according to [26]) and allow water vapor to migrate out of the concrete structure.
However, the addition of these fibres fundamentally reduces the workability of the

concrete mixture and can negatively affect the manufacturing process.

Textile reinforcement

In TRC, traditional steel reinforcement is replaced by technical textiles, most often in the
form of glass, carbon, basalt, or aramid fibres. The advantage of textile reinforcements is
their significantly better resistance to atmospheric corrosion and thus the possibility to

design the covering layer while considering the interaction between the materials only.

-4 -



Chapter 1 — Introduction

Therefore, the final covering layer can reach from 5 mm to 10 mm, and it is possible to
avoid the covering layers of traditional reinforced concrete structures reaching from 10
mm to 60 mm, which serves primarily as protection against atmospheric corrosion [27,
28]. Due to this, it is possible to design significantly more slender and lightweight
structures and, in combination with the high compressive strength of HPC, also reduce
the total amount of the materials used. Moreover, the use of less amount of materials with
higher quality significantly reduces the environmental impact, as well as the structure
assessment in terms of the life cycle cost (LCC) [29]. However, these solutions negatively
affect the temperature resistance of the overall TRC structure because this thin cover layer
does not provide sufficient temperature protection compared to traditional structures.

Based on the mechanical tests at ambient and elevated temperatures, textile reinforcement
from carbon fibres appears to be the most advantageous material for use in TRC because
the temperature resistance is significantly higher in comparison to the rest of materials.
At the same time, carbon reinforcement reaches better mechanical properties and the
lowest required energy for its production [30-32]. Comparison of the mechanical
properties of textile reinforcements and the related temperature resistance is given in
Table 1.

Table 1: Comparison of mechanical properties and melting points of selected textile
reinforcement materials

Type of textile reinforcement

Mechanical attribute Carbon fibres Glass fibres Basalt fibres  Units
[30] [31] [32]

Density ~2.0 ~2.5 ~2.75 kg'm™

Tensile strength (average) 4.3 35 ~2.48 GPa

Modulus of elasticity (average) 240 57 76 GPa

Diameter of yarn’s filament 7-10 10-16 ~12.8 pum

Melting temperature 3650 800 1100 °C

For the manufacturing of TRC construction elements, a distinction is made between
impregnated and non-impregnated textile fibres, i.e. textile reinforcement with or without
a matrix. Textile reinforcement is commonly used in yarns, called “rovings”, which can
be further impregnated by a matrix in variable shapes, as shown in Figure 3a.
Alternatively, it is possible to use already impregnated prefabricated grids, as shown in

Figure 3b, which brings small restrictions regarding the shaping of the reinforcement.
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b

X
.........
000000
. . ....‘........ Impregnated reinforcement
Non-impregnated reinforcement Y Y YY) v .
P . e 0o g¢ Allindividual filaments are activated
Individual filaments are activated . .
. . by epoxy resin and interact together
separately (no interaction)
(a) (b)

Figure 3: Variants of the carbon textile reinforcement with schematic yarn cross-section:
(a) carbon roving bundle (unimpregnated); (b) prefabricated textile reinforcement grid
impregnated with epoxy resin matrix

Matrix of the textile reinforcement

The textile reinforcement matrix is used primarily for homogenization of all the filaments
in the yarn and thus allows the use of the entire tensile capacity of reinforcement. At the
same time, the matrix also serves as additional protection against mechanical damage and
extra protection against atmospheric corrosion. Due to the total number of the individual
fibrils in the textile yarn with diameter from 5 pm to 16 um (see Table 1), materials with
homogeneous character, e.g. synthetics resins, are chosen as a suitable material for the
matrix of textile reinforcement. Resins are chosen because they reach suitable mechanical
properties, workability and homogenized structure, allowing full saturation of the yarn.
However, from the fire resistance point of view, it is a flammable material which due to
its general low temperature resistance loses its mechanical properties during exposure to
higher temperatures around 50-100 °C [9].

The temperature interval where the mechanical properties of synthetic resin, i.e. the
modulus of elasticity, are decreasing (loss of interaction between materials is expected),
is what is known as the glass transition temperature (Tg) [33]. The glass transition
temperature is a temperature interval where the modulus of elasticity of resin rapidly
decreases, and the deformation significantly increases. A schematic description of the

synthetic resin phase states change at increasing temperature is given in Figure 4.
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Glass
transition

Rubbery Rubbery
state flow

I .
Viscous

flow

Modulus of elasticity [MPa]

Temperature [K]

Figure 4: Change of the epoxy resin phase states [9]

Therefore, preventing the temperature increase over the ER glass-transition temperature
value is necessary. One of the options for avoiding the degradation of the mechanical
properties of ER due to increased temperature is the use of a resin with higher temperature
resistance or the application of an additional fire protection layer that would prevent the
glass transition temperature from being exceeded. Synthetic materials can be substituted
by non-flammable materials based on the types of cement or geopolymers. These
materials inherently have a higher temperature resistance. However, particles in these
materials generally have a bigger diameter than the individual fibrils in the textile
reinforcement yarn. And the saturation ability can be negatively affected [6, 34].

Fire design of the load-bearing structures and fire protection systems

Generally, the design of the load-bearing structures exposed to fire is focused on
maintaining their mechanical properties for the required fire-resistance time. This means
that the construction element should not be deformed over the load-bearing capacity limit
of the structure or even collapse during the fire exposure. If the structural element has not
only a load-bearing but also a fire-separating function, it must retain both its integrity and
insulating ability [35]. Generally, structures bearing load only in compression do not exist

due to the imperfection of the structure.

For bend elements, it is required to ensure the transfer of tensile tension giving rise to the
bending moments by which the bend structures as columns and beams are dominantly
bearing load [25]. Therefore, the effective hot design of structures preventing loss of

mechanical properties due to the heating of members is necessary. One way to do this is

-7-
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to use materials with sufficient temperature resistance or protect them against rising
temperatures. In general, the fire resistance of various structures can be increased by
applying additional fire-protection layers. These can be made of multiple materials where,
depending on their thickness, adequate fire resistance is achieved. Generally, they are

divided into two categories as passive and reactive fire-protection systems.

Passive and reactive fire-protection systems

Passive fire-protection systems (PFP) represent board materials in several variants, such
as homogeneous structures (e.g. lime silicate), non-homogeneous (e.g. cement chips), and
sandwich boards (e.g. plasterboard), or silica-fibres-based materials (e.g. mineral wool).
The advantage of these materials is their diversity in use, as these boards can be used on
a broad scale, such as for humid environments or as exterior or structural boards. The
insulation principle of the board materials is to slow down the heating of the protected
members through their passive fire resistance. The disadvantage of these protection
systems is their effective thickness. The resulting thickness is designed based on the
intended fire-resistance time, ranging from 15 mm to 50 mm [35]. Given that some
systems allow protection without interfering with the protected structure, they enable the
achievement of almost any fire resistance. However, due to the character of the protected
material, it is mainly intended for structures with uncomplicated shapes, i.e. rectangular

cross-sections, walls or ceilings (Figure 5).
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P

(@) (b)

Figure 5: Variants of applied fire protection systems on a TRC hollow section column:
(a) functional sample of a TRC column with gypsum plaster [36]; (b) functional sample of
a TRC column with calcium-silicate boards [37]

Reactive fire protection systems (RFP) are divided into four commonly used groups:
solvent-based, water-based, epoxy-based and acrylic-based. Each RFP consists of three
main parts: a primer, an intumescent layer, whose thickness is referred to as dry film
thickness (DFT), and a top coat. Because of the profile-following application and the
comparatively low coating thickness reaching approximately 3 millimetres, intumescent
coatings are a suitable measure to improve the fire resistance of the protected structures
and maintain the architectural character of the protected members [38]. In case of fire, the
intumescent coating forms a thermal insulation layer around the coated steel member,
activated by the high gas temperature. This foam body has a low thermal conductivity,
significantly reducing the heating of the structures and delaying the temperature
degradation of materials, and a longer fire-resistance time can thus be achieved. A general
disadvantage is that these materials are intended for internal use. The principle of the

intumescent coating reaction course and the foam formation is shown in Figure 6.

Formed foam
layer

DFT

QORGOATORT IO IO

Protected member Protected member

Protected member

Ambient temperature Fire exposure

Figure 6: Reaction of the intumescent coating and foam forming
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Research gaps

Constructions made of TRC achieve excellent mechanical and visual properties and due

to the use of higher-quality materials, it is possible to save a considerable amount of the

material used and reduce the total carbon footprint [18, 39]. These constructions are

suitable especially for prefabrication because following the production procedure

precisely is of essence. However, before the TRC will be widely used for load-bearing

structures, it is necessary to assess this composite material in terms of fire resistance.

Based on the literature and material research, also presented in the appended papers (see

Annex A), certain research gaps were identified, serving as a background for the

determination of the main goal of the thesis. The main research gaps were summarized in

the following points:

Faster heating of slender TRC structural members in comparison to traditional
structures from reinforced concrete. Higher sensitivity to the weakening of the
structure due to the smaller cross-section area.

The behaviour of HPC and UHPC at elevated temperatures. Higher risk of the
spalling of concrete layers during fire exposure and the associated weakening of
the structural member.

Temperature resistance of the technical textiles used and their temperature
resistance, including the temperature point when mechanical degradation due to
the elevated temperature starts.

Low temperature resistance of synthetic resins used as a matrix of textile
reinforcement. Hypothetical loss of interaction between materials after exceeding
the glass transition temperature.

Lack of knowledge of the use of non-flammable textile matrix materials and
especially their behaviour at elevated temperatures

-10 -



2. OBJECTIVES OF THE PH.D. THESIS

Main goal of the thesis
The main objective of the thesis was established based on the research gaps determined
in the previous chapter. The thesis aims to extend knowledge about the behaviour of TRC
exposed to fire and IMPROVE THE BEHAVIOUR OF SLENDER STRUCTURES
MADE OF TEXTILE-REINFORCED CONCRETE AT ELEVATED
TEMPERATURES. This main goal of the research work is divided into several
subobjectives, which together fulfil the thesis’s main goal. Each subobjective is described

in the following subchapter.

Thesis subobjectives

The mentioned subobjectives are divided based on the literature research and the
corresponding research gaps. A series of tests were carried out for each subobjective to
investigate the related research question. The corresponding subobjectives are given in
the following Table 2.

Table 2: Overview of the thesis subobjectives
Subobjective No.  Description of the subobjective

Experimental determination of the initial TRC mechanical
conditions at ambient temperatures, i.e. determination of the
bending capacity of TRC with a textile reinforcement, cohesion

Subobjective I between the textile reinforcement with an epoxy resin matrix and
HPC, and the influence of the textile reinforcement surface
treatment.

Determination of the risk areas of TRC and the HPC used at
N elevated temperatures. Determination of the change in mechanical
Subobjective II:

properties after fire exposure. Optimization of the materials used
from the fire resistance point of view.

Increasing the passive fire resistance of TRC. Assessment of non-
flammable materials for the matrix of textile reinforcement.

Subobjective 11I:  Assessment of the available materials and their verification at
ambient as well as elevated temperatures and their comparison
with a reference from epoxy resin.

Determination of the behaviour of real-scale structural members
at elevated temperatures. Verification of the conclusion from
intermediate-scale tests and design of additional fire-protection
systems.

Subobjective 1V:

-11 -



Chapter 2 — Objectives of the Ph.D. thesis

In some cases, selected subobjectives are directly connected to each other. Therefore,
their detailed coordination was necessary for the pre-test phase of the research work. The
association between the individual subobjectives and the related publications, attached in

Annex A, is given in Figure 7.

( y———————— +7 7T
| | Subobjective I |
I I Paper II | I
I - |
I Subobjective I' | Subobjective 111 ] |Sub0bjective. IVI
| Paper [ I Paper III | Research project|
| final report I
| E————— )I | I
I Subobjective III | | I
{ | Paper IV ) | I
Y — — — /_ ______ \ —_— e —

PhD research work

Figure 7: Scheme of the sequence of publications and linking of the subobjectives

Limitations of presented research

Due to the wide scope of the topic, the work focuses on the evaluation of slender
structures, i.e. columns with a hollow cross-section. Furthermore, the work is defined by
the use of carbon textile reinforcement with an epoxy resin matrix, i.e. a penetrated variant
of textile reinforcement. However, due to the large number and types of materials, dealing
with them would be very complicated and misleading. Therefore, the following parts were
not included in the PhD thesis:

e Use of TRC for structural members such as ceilings, walls or shell members.

e Synthetic matrix materials of textile reinforcement other than epoxy resin.

e Apart from the materials described in Paper Il [6] and Paper IV [34], other
alternative materials of the textile reinforcement matrix are not considered.

e Other fire-protection systems, except for calcium-silicate boards and gypsum
plasters used in real-scale fire tests as a part of the Karbeton-11 research

project [14]
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3. OVERVIEW OF THESIS PUBLICATIONS

Thesis papers

This thesis is a compendium of four peer-reviewed publications, which have already been
published in peer-reviewed journals. A summarization of the thesis papers is given in
Table 3; the papers’ full versions are appended in Annex A. The papers mentioned in this
thesis, as well as the related test procedures, were designed in a subsequent sequence to
fulfil the thesis’s main goal as efficiently as possible. The sequence of the individual

publications and the relations among them are shown in Figure 7.

Table 3: Overview of the thesis publications.

No. of paper Name of the paper

Vlach, T., Repka, I., Hajek, J., Fiirst, R., Jirkalova, Z. and Hajek,
Paper | P. Cohesion Test of a Single Impregnated Ar-Glass Roving in
High-Performance Concrete. 2020. The Civil Engineering Journal.

Fiirst, R., Vlach, T., Pokorny, M.and Mobzer, V.
Study of Behavior of Textile-Reinforced Concrete with Epoxy

Paper 112 . —e .
P Resin Matrix in Fire. 2022. Fire Technology.
Fiirst, R., First, E., Vlach, T., Repka, J., Pokorny, M. and Mozer,
Paper 11| V. Use of Cement Suspension as an Alternative Matrix Material for

Textile-Reinforced Concrete. 2021. Materials.

Fiirst, R., Hejtmanek, P., Vlach, T., Repka, J., Mobzer, V. and
Hajek, P. Experimental Evaluation of Carbon Reinforced TRC with

Paper IV Cement Suspension Matrix at Elevated Temperature.
2022. Polymers.

Author’s contribution to the papers

The author of the presented thesis actively worked on all four papers mentioned in Annex
A — Appended Papers. The levels of contribution to each paper are given in Table 4. The

entire work part of the included papers was performed with significant help of the people

2 The article was submitted in 2020 and accepted in 03/2021. However, it was officially included in the
journal Issue 14 in 06/2022.
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Chapter 3 — Overview of thesis publications

mentioned as co-authors of the corresponding articles. The levels of responsibility are
divided into the three following categories:

The author’s responsibility was to do a major part of the work (equal or
Major exceeding at least 2/3 of the responsibility and work effort for the part
assessed)

The author’s responsibility was to do a significant part of the work (falling
Medium  between 1/3 and 2/3 of the responsibility and work effort for the part
assessed)

The author’s responsibility was minor for the point assessed and contained
Minor a small amount of the work duties (equal to or less than 1/3 of the
responsibility and work effort for the part assessed)

The preparation of each article was divided into a total of six main parts, which are
assessed individually in the following table.

Table 4: Author’s contribution to the papers incorporated in the PhD thesis
Level of responsibility for the related work step

Number of the step:

Paper | Paper Il Paper IIl  Paper IV
1. Conceptualization of the tests Minor Major Major Major
2. Preparation of the specimens Medium Major Medium Minor
3. Performing the tests Medium Major Medium  Medium
4. Data analysis Minor Major Major Major
5. Writing the original manuscript Minor Major Major Major
6. Paper final version preparation Minor Medium  Medium Major

Related research projects and publications included in the thesis

Related research projects

The research work presented in this thesis was directly connected to two related research
projects. First, the Karbeton Il research project founded by the Technical Agency of the
Czech Republic (TACR) for young research groups of the Zeta program, project number
TJ02000119 [14]. The focus of this project was to develop the structural elements with
hollow sections from HPC reinforced by a carbon reinforcement. The investigation was
based on a previous research project where the behaviour of bend non-load-bearing
structures was investigated [40]. The benefit coming from the intended research project

was to develop a functional sample of a prefabricated new lightweight TRC column with
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Chapter 3 — Overview of thesis publications

carbon reinforcement. This investigation also contained an investigation of the
mechanical load-bearing capacity, as well as the fire-resistance class classification for
structural column members. It was also investigated whether these structural members
could be used without applying an additional fire-protection layer. The second research
project is Application of alternative materials in textile concrete and their evaluation at
room temperature and at elevated temperature, project number SGS21/094/OHK1/2T/11
[15].

Related publications included in the thesis

The author has also contributed to several publications related to the topic discussed in
this thesis, whose list is given in the following Table 5. These publications include
partially experimental conclusions written down in Czech. Therefore, these sources are

included as supplementary documents only.

Table 5: Related thesis publications list
Character of the

Description of the related publication

publication
Karbeton-11, Interim report of work progress and achieved results for year 2019
TACR Zeta® Interim report of work progress and achieved results for year 2020

Author’s other publications not included in the thesis

All parts of the ongoing research have been continuously presented at international
conferences as well as in peer-reviewed journals. The summarizations of the publications

which were not included in the thesis are provided in the following points:

Peer-reviewed journal papers:

e Fiirst, R., HédBler, D., Hothan, S. Influence of the profile type and bar orientation
on the performance of intumescent coatings applied to steel tension bars. Fire
Safety Journal. 2022, 134, 103678. doi: 10.1016/j.firesaf.2022.103678.

3 Due to the size of the research team and the corresponding works distribution, the final contribution of all
authors was balanced and the individual authors’ contribution was not determined.
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Peer-reviewed papers (non-impact):

Fiirst, R., Vlach, T., Pokorny, M. Textile reinforced concrete and evaluation of
its behavior at elevated temperatures. TZB info. 2020, ISSN 1801-4399.

Fiirst, R., Pokorny, M., Vlach, T., Hejtmanek, P., Mézer, V. Column structures
made from textile-reinforced concrete at elevated temperatures. TZB info. 2021,
ISSN 1801-4399.

Kafkova, E., Vlach, T., Repka, J., Fiirst, R., Hajek, P., Jirkalova, Z. Influence of
scattered fibers on the mode of failure of textile concrete. TZB info. 2022, ISSN
1801-4399.

International conference papers and extended abstracts:

Fiirst, R., HéaBler, D., Hothan, S. European test standard for intumescent coatings
applied to steel tension bars with solid section. Symposium Heibemessung —
Structural Fire Engineering 2022, Braunschweig.

Fiirst, R. et al. Nosné konstrukce z textilniho betonu za zvysené teploty. Extended
abstract. 30" International Conference Fire Protection 2021, Ostrava, 2021-09-
01/2021-09-02. ISBN 978-80-7385-247-4.

Fiirst, R., Pokorny, M. Pasivni poZarni ochrana konstrukci z textilniho betonu.
Extended abstract. 29" International Conference Fire Protection 2020, Ostrava,
2020-09-02/2020-09-03. ISBN 978-80-7385- 234-4.

Fiirst, R., Pokorny, M. PoZarni specifika stavebnich konstrukci z textilnich
betont 28th International Conference Fire Protection 2019, Ostrava, 2019-09-
04/2019-09-05. ISBN 978-80-7385-221-4

Fiirst, R., Pokorny, M. PozZarni specifika konstrukci z textilniho betonu.
Advances In Fire & Safety Engineering - VIII. International Scientific
Conference, Zilina, 2019-11-19/2019-11-20. Zilinska univerzita v Ziling, 2019.
ISBN 978-80-554-1611-3.
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4. METHODOLOGY, RESULTS AND DISCUSSION

This chapter describes the methodology of the procedures done in the experimental work.
Subsequently, a general description of the papers is provided, as well as their relation to
the selected subobjectives from Chapter 2, forming the main goal of the dissertation.

Finally, test results are presented, including a general discussion.

Methodology

Once the main objective of the thesis and the partial subobjectives given in Chapter 2
were identified, a procedure for experimental tests was determined. The investigation was
based on the multi-scale test procedure, in which the tests ranged from micro-scale tests
of materials to tests of test members in a real scale. A schematic description of the content
of the research works is given in Figure 8.

Micro-scale Used methods
testing

b

Intermediate-

scale testing
I

v v

Testing at ambient Testing at elevated
temperature temperature
L 1
Design of fire

protection layer

¢

Real-scale
fire testing

Figure 8: Scheme of the multi-scale testing of thesis experiments

Experimental test methods were carried out in accordance with the applicable legislation
and standards for all the analyses at ambient and elevated temperatures. Table 6
summarizes the general principles of the tests performed based on the standards used.
These standards are included in the table as well. The test methods are described in more
detail in Annex A — Appended Papers.

=17 -



Chapter 4 — Methodology, results and discussion

Table 6: Description of the multi-scale testing

Micro-scale testing

Micro-scale testing was used to determine detailed characteristics of the materials. Based
on the results from these tests, the materials combination was established and verified
for further testing.

Method

Aim of the method used

Reference
standard

Differential
scanning
calorimetry
(DSC)

The DSC analysis was used to investigate the thermo-
mechanical properties of the epoxy resins. Several
different epoxy resins were tested for which the
temperature phase states were determined. Based on the
results, a suitable epoxy resin was identified for the
mechanical tests that were to follow. An HP Phoenix 204
device was used for the DSC analysis, which
measurement principle is based on the heat flux method.

ISO
11357-1

ISO
11357-2

Microscopy
analysis

In microscopic analysis, several cement suspensions
were tested as a possible non-combustion material for the
textile reinforcement matrix. Due to the inhomogeneous
suspension structure, the investigation aimed to
determine the size distribution of the individual particles
in the suspension. Zeiss LSM 780 confocal microscope
was chosen for analysis using the basic optical
microscope settings and 100x magnification. All the
samples analysed were taken from three independent
replicates for each type of cement suspension.

ISO 8039

ISO 21073

Intermediate-scale testing

Based on the results from microscopy tests, specimens for intermediate testing were
designed. These specimens were subsequently tested to determine the mechanical
properties of materials, such as bending and compressive strength and change in
mechanical properties after fire exposure.

Fire tests

Testing at elevated temperatures was performed in a
furnace for intermediate tests miniFUR. Unloaded test
specimens were exposed to elevated temperatures
according to a standard temperature/time curve 1SO 834
to simulate exposure conditions to a real fire. After fire
exposure and visual assessment, the test specimens were
subsequently mechanically tested to determine the
change in their mechanical properties compared to
reference specimens.

EN 1363-1
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Chapter 4 — Methodology, results and discussion

The mechanical strength of the test specimens was
determined based on mechanical experiments. These
experiments were performed at ambient temperatures
(reference specimens) and after fire exposure to
determine the residual strength and the influence of

Three-point
bending tests

elevated temperatures on the change in mechanical
properties. The specimens varied according to the EN12390-3
specific investigation. For the determination of tensile
strength fer, three-point bending tests were performed EN 12390-5
with beam specimens 40 x 40 x 160 mm?>. Subsequently,

Four-point
bending tests

compressive strength fc was determined based on the
tests of fragments from the beam specimens from three-
point bending tests under one direction pressure. The
bending strength was determined based on the four-point
bending tests with plate specimens 100 x 300 x 30 mm®.

Compressive
strength test

The developed pull-out method focused on the complete

curve of bend behaviour with a simple interpretation and
application of the results in the field of science and
engineering and structure design. The ACI 440.3R-03

standard inspired this method. However, the specimen
dimensions were modified due to the small cross- ACI
sectional area of the composite reinforcement in  440.3R-03
comparison with traditional FRP reinforcement. The

resulting shape of the specimen was 100 x 100 x 20 mm?®

with one saturated textile yarn in the central axis of the
specimen. The other aspects of the test set-up were

similar to the traditional FRP cohesion test.

Pull-out test

Real-scale testing

Real-scale tests aim to determine the behaviour of a structural member at elevated
temperatures and verify the conclusions defined in the intermediate-scale tests.

The real-scale tests aimed to verify the conclusions from
the previously performed micro-scale and intermediate
tests. Fire tests in real scale were performed in PAVUS
a.s., an accredited fire laboratory, with column

Real-scale ) _ _
. specimens with a hollow cross-section of 250 x 250 EN 1365-4

testing of 5 : : :

structural mm?<. The specimens were protected by two different fire

members protection systems manufactured from gypsum plaster gN 1363-1

and calcium-silicate boards. During the fire tests, the
temperatures on the textile reinforcement were
measured, monitoring each time when the glass
transition temperature of the epoxy resin was exceeded.
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The measured data from the tests performed were statistically evaluated. For partial data
assessment, the expanded measurement uncertainty was determined with an uncertainty
coefficient k, = 2.0 for the interval containing 95% of values. For the rest of the measured
data, basic statistical evaluation was used based on the total number of the tests performed
and the specimens tested. The entire statistical evaluation was performed in MS Excel
365 and GraphPad Prism 8.0.

Introduction to the appended publications and its relation to the

subobjectives

This subchapter provides a general summarization of the paper’s aims and their relation
to the selected subobjectives from Table 2. Also a general description is given of the test
set and of the intended goals that led to the fulfilment of the main goal of the thesis.

In the introductory part of the experimental investigation, the initial condition of the
mechanical properties of TRC was determined. Paper | focuses on investigating the
interaction between the impregnated textile reinforcement and HPC, and its determination
by using the slightly modified pull-out test. The second aim of this article is to improve
the interaction conditions between the reinforcement and HPC by using fine-grained
silica sand applied on the surface of the composite reinforcement, similar to the traditional
fibre-reinforced polymer reinforcement with commonly used diameters. To investigate
the effect of this modification, four-point bending tests at ambient temperature were
performed on plate specimens with variable amounts of textile reinforcement.
Determination of the corresponding mechanical characteristics fulfilled goals of

Subobijective | [12] and, at the same time, served as reference background for further tests.

Based on the results determined in the previous mechanical testing part, the behaviour of
TRC at elevated temperatures was addressed in Subobjective 11, based on the results given
in Paper Il. The main aim of this analysis at elevated temperatures was to assess the
application of TRC consisting of HPC, textile reinforcement from carbon yarns and its
epoxy resin matrix and determine its risk areas. For the investigation, beam and plate
specimens were mounted at the front wall of the test fire furnace miniFUR and exposed

to the standard temperature curve according to EN 1363-1 [41].
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The influence of PP fibres in the HPC mixture was investigated to reduce the risk of
concrete layers spalling. Directly after fire exposure, the visual assessment was done, and
after that, residual mechanical properties were determined by bending and compressive
tests. Furthermore, all the specimens exposed to elevated temperatures were compared
with reference specimens. Based on this comparison, a change in the mechanical
properties and residual bending strength was determined. In addition, the risk areas such
as spalling of HPC, burning of the epoxy resin matrix and loss of interaction between

materials were observed [25].

Paper 111 follows the conclusions from the intermediate tests at elevated temperatures
[25] and focuses on substituting the flammable epoxy resin matrix, which was selected
as the most critical part of TRC, with cement suspension [6]. In the first part of
Subobjective 111, microscopic research was carried out to determine the distribution of
particle sizes in the cement suspension. Subsequently, five series of plate specimens
differing in the type of the cement suspension used, as well as the method of textile
reinforcement saturation, were designed and manufactured. Next, mechanical tests (four-
point bending tests) were carried out to determine bending strength capacity. Finally,
based on the results, the most effective type of cement suspension and the method of

saturating the textile reinforcement were determined.

The work presented in Paper IV expands the previously performed mechanical tests at
ambient temperatures of specimens with cement suspension and forms the second part of
Subobjective 111 [34]. In addition, specimens with cement suspension matrix and epoxy
resin were exposed to fire, and the residual tensile strength was tested. The conclusion of
Subobjective 11 compares the flammable and non-flammable matrix of the textile

reinforcement and the suitability of substituting the epoxy resin with cement suspension.

Conclusions from all the previous research parts were verified by testing specimens in a
real scale, forming Subobjective IV. In total, two TRC columns were tested with hollow
sections and the textile reinforcement matrix with epoxy resin. The test’s main objective
was to reach the intended fire-resistance time when the specimen did not lose its load-
bearing capacity. However, due to the risk areas defined in Paper 1l, the design of an
additional fire-protection layer was necessary. Two different materials, i.e. gypsum
plaster and calcium-silicate boards, were used as a protection system. The adequate
thickness of the fire-protection layers was defined based on the fine element thermal

numerical analysis in the ANSYS software. For the hot design purposes, a critical design
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temperature of the fire-protection layer was determined, the lower temperature point limit
of the glass transition temperature interval being Tq = 123 °C. These temperature values
were determined based on the results of the DSC analysis. The conditions of the numerical
assessment were selected based on the results from the previous tests at ambient as well

as elevated temperatures [12, 14, 25].
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Results and discussion

The thesis contains in total four papers (Paper I-1V) and four related research
subobjectives. This work deals with the experimental investigation of textile concrete and
its fire resistance. First, Paper | describes the mechanical properties of TRC at ambient
temperatures, which served as a basis for further tests. This part is followed by the
intermediate fire testing, describing the risk areas of the TRC as a part of Paper II.
Conclusions from testing at elevated temperatures served as a basis for Paper Il and
Paper 1V, which focused on the substitution of the flammable matrix of textile
reinforcement with cement suspension. Finally, all the results are verified on real-scale
test specimens, where the conclusions discussed in this chapter were evaluated based on

the results found in the experimental work.

The results presented in this subchapter cover examples of the results yielding significant
conclusions only. All results, including a detailed description of the test specimens and
test series, are detailed and discussed in the relevant articles in Annex A — Appended

Papers.

Determination of mechanical properties of TRC at ambient temperature?

(Subobijective I)

The initial mechanical properties of TRC were determined based on the cohesion (pull-
out) tests, which focused on analysing the different surface treatments of the textile, i.e.
textile reinforcement with a smooth surface and textile reinforcement with a surface
treated with silica sand. Pull-out tests in which the effect of the surface treatment was
determined were followed by four-point tests that investigated the total bending strength
of TRC. Conclusions, including the results of the mechanical tests performed at ambient

temperatures, are summarized in the text below.

The results of the pull-out test are presented in Figure 9. Both diagrams show pull-out
measured by the X-axis’s potentiometer and the Y-axis’s corresponding force. Pull-out

tests proved little cohesion between the HPC part of specimens and textile reinforcement

4 The description of the elements tested and the interpretation of results were summarized based on the
article
Cohesion Test of a Single Impregnated Ar-Glass Roving in High-Performance Concrete [12].
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with a smooth surface. Therefore, all rovings without surface treatment were pulled out
of their HPC matrix and did not reach force values as the specimens with the treated
surface of the textile reinforcement. Figure 9b shows a detailed view focused on the
results at the beginning of the pull-out tests (the maximum X-axis value was limited to
100 um). Specimens with treated textile reinforcement showed almost perfect bonding
with the HPC. Therefore, all these specimens with surface treatment were broken before
being pulled out. Finally, specimens with treated textile reinforcement showed better
stability of the results because no sample shows significant deviations, as shown in Figure
9b.

Specimens with

treated surface

Force [kN]

Specimens with
smooth surface

Force [kN]

0 100 200 300 400 500 600 700 800

Pull out [um]

(@)

900 1000

Specimens with
treated surface

Specimens with
smooth surface

0

10 20 30 40 50
Pull out [pm]

60 70 80 90 100

(b)

Figure 9: Results of the cohesion test (pull-out diagram):
(a) Difference between smooth and treated surface of the textile reinforcement; (b)
Detailed view on the beginning of the pull-out test showing significant difference between
smooth and treated textile reinforcement surface (limited X-axis).

Based on the pull-out tests, bending strength was determined by four-point bending tests
to verify the influence of the yarn surface treatment on the resulting bending capacity.
The four-point bending test was performed on small plate specimens 100 x 360 x 18 mm?,
Three variants with smooth surfaces and three with treated surfaces were manufactured.
Plate specimens also differed in the total number of the textile reinforcements used.
Detailed description of the specimens and the corresponding amount of the textile

reinforcement is given in Table 7.

Table 7: Description of the specimens for four-point bending tests.

Variant [-] Number of layers [pcs] Number of yarns in one layer [pcs]
A 2 5
B 2 10
C 4 10
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In the case of specimens with two layers of textile reinforcement and five yarns in the
layer (Variant A), the first sudden drop in force represents the formation of the first crack,
creating a plastic joint, followed by an opening of the crack and tensile activation of the
reinforcement. Similar behaviour was also observed for specimens of Variant B, with two
layers of reinforcement and ten yarns in each layer. The load-bearing capacity of the
specimen before the first crack initiation is given only by the HPC’s tensile strength
without the reinforcement’s contribution. After the initiation of the first crack, the
specimens with smooth reinforcement typically formed one additional crack, each under
one of the loading supports, after which the smooth reinforcement started slipping. Their
behaviour under pressure was typical for slightly reinforced concrete structures with wide
cracks opening. The specimens with the treated reinforcement surface formed more
narrow cracks due to significantly better cohesion between the reinforcement and HPC.
The pull of yarns was not that significant, and much faster reinforcement activation led
to multiple cracking, which is characteristic of structures with higher amounts of
reinforcement. More significant behaviour was observed in the case of specimens with
two layers of reinforcement with ten yarns in each layer (Variant B). A higher amount of
reinforcement led to a higher maximum value of reached force compared to the specimens
from Variant A. The activation of the surface-treated 2x10 reinforcement was much faster
than in the case of its smooth counterpart. The specimens with the treated surface also
show higher ultimate reached force while having lower displacement at the time of their
collapse. An example of the results of Variant B from four-point bending tests is given in
Figure 10.

4.0

Variant B
3.5 ||Reinforcement 2x10

Specimens with
3.0 smooth surface

Specimens with

2.5 | Treated surface

2.0

Force [kN]

0.5

0.0

0 2.5 5 75 10 125 15 175 20
Displacement [mm]

Figure 10: Example of the results from four-point bending test of specimens with 2x10
tensile reinforcement with and without surface treatment
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Contrarily, specimens of Variant C with four layers and ten yarns in each layer showed
that the amount of reinforcement is so high in the cross-sectional area of the specimen
that the curves look similar. The positive effect of the surface treatment of the composite
textile reinforcement with fine-grained silica sand is much less significant than in
specimens with less textile reinforcement (variants A and B). Therefore, it is necessary to
consider the optimal amount of textile reinforcement [12].

Establishing risk areas of textile-reinforced concrete at elevated temperatures®

(Subobijective I1)

Based on the results from indicative fire tests [13], beam specimens were exposed to
elevated temperatures, and a high risk of spalling was identified. Therefore, the first part
investigated a change in mechanical properties (tensile and compressive strength) and the
effect of different amounts of PP fibres in the concrete mixture. The residual strength was
then compared with the reference specimens to determine the change in mechanical

properties.

Figure 11a shows a decreasing trend in tensile strength compared to the reference
specimens and the specimens exposed to elevated temperatures. The same trend is
described in EN 1992-1-2 [35], which also only considers the decrease in tensile strength
at elevated temperatures. On the other hand, several studies describe the behaviour of
HPC at elevated temperatures in terms of the change in mechanical properties and
conclude that its strength is increasing. The increase in tensile strength occurs in the
interval between 100-370 °C [42]. In this range of temperatures, we can monitor the
maximal increase in tensile strength by around 15% at 220 °C. However, when the
temperature interval is exceeded, there is a rapid decrease in tensile strength. This interval
was exceeded for the experimental specimens, so the tensile strength decreased compared
to the references. The temperatures measured were around 247 °C on the unexposed
surface during the fire experiment. Due to that, the tensile strength of the samples was
lower than the tensile strength at ambient temperatures because the most significant part

5> The description of the elements tested and the interpretation of results were summarized based on the
article
Study of Behavior of Textile-Reinforced Concrete with Epoxy Resin Matrix in Fire [25].
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of the specimens exceeded 370 °C. Therefore, the result was that tensile strength
decreased approximately by 31%.

In contrast to tensile strength, there is a different temperature interval where the
compressive strength increases [42]. This is due to the fact that the fire exposure was not
long enough to exceed critical temperature in a major part of the specimen’s body.
Therefore, compressive strength is higher than the strength at a normal temperature,
approximately by 22%. This behaviour was likely achieved by hydration of the remaining
cement particle cores due to the evaporation of the free and partly also chemically bound
water inside the specimens [43, 44]. The specimens were labelled as PP2, PP4, PP6 and
PP8. The number in the series name corresponds to the amount of PP fibres used in the
HPC mixture, i.e. PP2 — specimens with 2 kg-m™ of PP fibres used in the HPC mixture,

etc.
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Specimens exposed to [SO 834

. . 3 Reference specimens —
(exposure time 30 minutes)

3 Reference specimens 3

(@) (b)

Figure 11: Change in mechanical properties of HPC:
(a) bending tensile strength; (b) compressive strength

Note: For the PP2-specimens, the setting of the load force was too fast, and the press software
could not evaluate the resulting bending tensile strength.

In the next step, TRC plate specimens were tested at elevated temperatures. In contrast to
the tests presented in [12], textile reinforcement from carbon was chosen instead of glass
textile reinforcement due to its generally higher temperature resistance (see Table 1 and
[21]). Based on the literature and material research, the epoxy resin matrix was identified
as a critical part of TRC due to its low temperature resistance. This was confirmed on a
series of test specimens exposed to the ISO 834 standard temperature/time curve [41]. In
the case of test specimens without the addition of PP fibres, there was a massive spalling
of the concrete covering layers and direct exposure of the textile reinforcement to the fire.

As aresult of direct exposure, all experimental specimens started burning on their surface.
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The burning persisted for about 3.5 minutes even though the experiment was stopped by

switching off the gas supply to the furnace burner (see Figure 12).

Specimen-Al q Ep?fimen A2

Figure 12: Plate specimens without polypropylene fibres after the fire test
Also, specimens with PP fibres started burning despite the fact that the addition of PP
fibres in the HPC mixture efficiently prevented spalling of the covering layer. Thanks to
eliminating the spalling of the specimens, thus maintaining their integrity, the burning
was reduced to 2.0 minutes after the fire test ended. The burning was caused by the burn-
out of the PP fibres, which created a “pore bridge” and enabled the migration of the ER
thermal decomposition products into the furnace where they were ignited, see Figure 13.
In the follow-up visual analysis, it was evident that all of the ER matrices burned out in
both specimen’s variant and created a cavity between the concrete and the tensile

reinforcement.

Specimen D1

Figure 13: Plate specimens with polypropylene fibres during the fire test

One of the causes of the ER burnout was the degradation of the textile reinforcement fibre
and the resulting loss of bond between the HPC and the tensile reinforcement. In this case,
only the reinforcement intersections (the overlap of fibre strings forming the mesh) could
transmit the tensile tension. The absence of a textile reinforcement matrix significantly
reduced load-bearing capacity, as shown in Figure 14. In the case of specimens exposed
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to elevated temperatures, textile reinforcement was gradually pulled out due to the loss

of interaction between materials.

6

5 Reference

specimens

Force [kN]

2 Specimens
exposed to fire

0 25 5 1.5 10 12.5 15 17.5 20
Displacement [mm]

Figure 14: Comparison of the reference specimens and specimens exposed to fire

Substitution of the flammable epoxy resin matrix®

(Subobijective I11)

In response to the tests at elevated temperatures and the observed low temperature
resistance of the synthetic matrix and its influence on the load-bearing capacity of the
TRC [25], an alternative material of a textile reinforcement matrix was verified. Cement
suspension from CEM 425R and CEM 525 R was chosen as a non-combustion

replacement material.

Therefore, cement particles were imaged using confocal microscopy in the first part of
the assessment. The distribution and size of the CEM 42.5 R and CEM 52.5 R particles
were compared. The microscope photographs (see Figure 15) clearly show that CEM 52.5
R had an overall better distribution in cement suspension, while CEM 42.5 R contained
more particles bound together in what is known as floccules, which may cause a problem
of insufficient carbon filament saturation in comparison to individual filaments diameter
of which is equal to approximately 7—10 um. The size distribution of the cement particles
differed for the two types of cement. CEM 52.5 R had a median particle size of 301.5 pm?

(corresponding to the mean value of the length of one side of 9.8 um), while the median

® The description of the elements tested and the interpretation of results were summarized based on the
article
Use of Cement Suspension as an Alternative Matrix Material for Textile-Reinforced Concrete [6].
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particle size in CEM 42.5 R was 397.8 pum? (which was 11.3 pm in length). When also
considering the formation of floccules in CEM 42.5 R, the results indicate an overall
poorer probability of deep carbon fibre saturation.

Figure 15: Microscope pictures of cement suspension:
(a) CEM 425 R; (b) CEM 52.5R.

Next, the hypothesis was put to test that the penetration of carbon roving strongly depends
on the cement type and saturation method. In total, five series were manufactured, each
with a different type of saturation material and method of saturation. The resulting
percentage of saturation for each variant is given in Figure 16.
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Figure 16: Assessment of the microscopic analysis of textile reinforcement percentage
saturation
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It is apparent from the visual and microscopy analysis when comparing the different
methods of saturation and different types of cement that the best results were obtained in
the series A and B samples (pressure saturation method) in contrast to specimens from
series C and D, where surface saturation method was used. Furthermore, the greatest
saturation depth was reached in series B samples (CEM 52.5 R), supporting the
hypothesis that smaller particles penetrate the roving better in addition to combination
with pressure saturation. A microscopy investigation determined that both the size of
cement particles and the method of pressure saturation increased the saturation of cement
CEM 42.5 R by 22%. In contrast, the increase in saturation between experimental samples
C and D was only 9%, where surface penetration was used. Unfortunately, the series E
specimens (natural penetration of carbon roving of HPC mixture) turned out to have
insufficient number of particles penetrating the yarn core. Most of the HPC mixture
particles were on the surface of the carbon roving only, and the saturation was inadequate.
The reason for the poor saturation of the carbon fibres with the concrete mixture was the
size of the particles in the mixture in contrast to the size of the individual fibrils of the
carbon yarn (7—10 pm). Therefore, the HPC particles could not reach the core of the

carbon roving.

The following mechanical test evaluation focused on verifying the influence of the
cement suspension on performance by means of bending tests under four-point bending
at ambient temperatures. Plate specimens with an epoxy resin textile reinforcement matrix
were used as a reference to determine a change in mechanical properties, similar to [12].

Results from the mechanical analysis are given in Figure 17.
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Figure 17: Evaluation of four-point bending tests of experimental specimens with
different type of textile reinforcement matrix (pressure saturation)
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Based on the results from the four-point bending tests, the textile reinforcement saturation
with CEM 52.5 R proves to be a possible variant usable for replacing the combustible
synthetic matrix of textile concrete. The tests performed confirmed the hypothesis that
better mechanical behaviour occurs when a matrix with a smaller particle distribution is
used. This was proven both on the basis of microscopic tests of cement suspension and
fibre saturation in percent (Figure 15 and Figure 16) and on the basis of the results of
mechanical tests presented in Figure 17. When the reference samples and series B
specimens were compared (pressure saturation with CEM 52.5), it was clear that the
specimens achieved approximately 30% efficiency of loading capacity compared to the

reference specimens (specimens with ER matrix).

Verification of the cement suspension at elevated temperatures’

(Subobijective 1)

The mechanical tests were divided into two main test packages. In the first test package,
specimens at ambient temperatures were tested, and results from mechanical tests served
as a reference. In the second test package, specimens were exposed to a standard
temperature curve according to EN 1363-1. For these specimens, residual bending
strength was subsequently determined. For each test package, specimens with three
different covering layers and two different HPC mixtures were created. The concrete
mixtures differed in the presence of PP fibres whose amount was determined based on

previous fire tests in [25].

The bending strength of all the reference specimens was determined by four-point
bending tests. Based on these mechanical tests, the negative influence of PP fibres in the
HPC mixture was observed, especially in case of specimens with textile reinforcement
saturated with cement suspension. Concurrently, the maximum measured bending
strength value was approximately 24% less than for specimens without PP fibres, see
Figure 18a. In contrast, in test specimens with an epoxy resin matrix, no significant effect

was observed of PP on the attained bending strength, as was the case for samples with a

" The description of the elements tested and the interpretation of results were summarized based on the
article

Experimental Evaluation of Carbon Reinforced TRC with Cement Suspension Matrix at Elevated
Temperature [34].
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cement suspension matrix Figure 18b. Simultaneously, a different pattern of specimen
failure can be observed. In specimens with a cement suspension matrix (Figure 18a), the
reinforcing carbon yarns were pulled out, and no progressive collapse occurred. On the
contrary, the specimens with epoxy resin matrix were broken after reaching the tensile

strength of carbon reinforcement (Figure 18b).
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Figure 18: Bending strength of reference specimens with covering layer 0 mm:
(a) specimens with cement suspension matrix; (b) specimens with epoxy resin matrix

In the second test package, fire tests were performed. All specimens were mounted into
the test furnace (see Figure 19a) and exposed to the standard temperature/time curve
according to EN 1363-1. The temperature distribution in the furnace during the entire fire
test is given in Figure 19b. A bigger difference between the actual measured gas
temperature and the ISO temperature curve was observed between minutes 5 and 8.
Nevertheless, the limits prescribed from minute 10 onwards were not exceeded. The
individual temperature measured differs by a maximum of 45 K compared to ISO 834.
For this reason, the temperature distribution in the test furnace was satisfactory for each

fire test.
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Figure 19: Instrumentation of the fire tests:
(a) furnace for intermediate fire tests miniFUR; (b) average temperature distribution in
the furnace during fire tests

After fire exposure, the specimens with PP fibres added to the HPC mixture retained their
integrity. However, all the specimens without PP fibres were destroyed due to the
increased inner water vapour pressure and the closed pore structure of HPC in
combination with the slender character of the specimens. Therefore, it was impossible to

determine the residual bending strength of these specimens.

Different behaviour was observed for specimens with epoxy and cement matrix based on
the visual analysis of specimens directly after the fire exposure. In addition, different
behaviour was observed for test specimens with the addition of PP fibres using various
materials of the textile reinforcement matrix. For specimens with cement suspensions,
spalling of concrete layers did not occur in any test. Only transverse cracks were observed
because of the fire exposure. Similar behaviour was observed for specimens with an
epoxy resin matrix and no covering layer (0 mm). The absence of spalling may be due to
the reinforcing layer being placed near the fire-exposed surface of the specimen and
allowing additional reinforcement against spalling and, at the same time, it may be due to
the migration of the epoxy resin thermal decomposition product out from the test

specimen.

On the other hand, in the case of specimens with the epoxy resin matrix and covering
layers of 5 mm and 10 mm, the separation of the entire area of the covering layers was
observed. In most cases, the covering layers fell off, leaving the textile reinforcement

exposed to fire. Therefore, it was not possible to determine the residual bending strength
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for these specimens. After the fire exposure, based on the four-point bending tests, the
residual bending strength of specimens exposed to elevated temperatures was determined.
It was observed that the epoxy resin matrix completely burned out due to the direct fire
exposure of the textile reinforcement or due to exceeding the ignition temperature of the

epoxy resin when the covering layer did not spall.

On the contrary, the cement matrix was partially damaged on the surface, and the
interaction between materials remains undisturbed to a certain extent. The specimens with
a cement suspension matrix tested at elevated temperatures showed a similar trend of
bending strength capacity as the reference specimens (Figure 20a). The results show that
these specimens did not incur a significant decrease in mechanical bending strength as in
the case of samples with the epoxy resin matrix. This was caused by the better temperature
resistance of the cement suspension matrix material. Due to temperature effects, the
bending strength decreased by approximately 40%. Simultaneously, the cement
suspension samples showed a significant increase in ductility. Higher ductility was caused
by the gradual pull-out of the individual filaments of the carbon yarn during the whole
mechanical test. In contrast to the specimens with an epoxy resin matrix, the textile
reinforcement did not drop out during mechanical tests, and no progressive break

occurred.

In the tested specimens with an epoxy resin matrix, we observed a significant degradation
of the epoxy resin due to the attained temperatures during the fire test. Therefore, a
significant loss of mechanical properties of these specimens occurred (Figure 20b).
During the fire tests, this matrix was burned out. Subsequently, the ability to homogenize
the individual filaments in the textile yarn was infringed. In contrast to the reference
specimens with an epoxy resin matrix, no progressive break occurred when the tensile
strength of the textile reinforcement was reached. Specimens with the epoxy resin tensile
reinforcement matrix exposed to elevated temperature were broken due to the pulling of
the textile reinforcement or breakage due to absent interaction between the textile

reinforcement and HPC — the textile reinforcement disengaged from HPC.
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Figure 20: Residual bending strength of specimens exposed to elevated temperatures with
covering layer of 0 mm:
(a) specimens with cement suspension matrix; (b) specimens with epoxy resin matrix

Validation of conclusion at the real-scale fire tests®

(Subobijective 1V)

The conclusions presented in Subobjective IV are based on a two-year research project
called Karbeton-1l [14]. The project’s main objective was to develop and verify the
mechanical parameters of the TRC lightweight column structure [36, 37]. Moreover, the
fire-resistance class of the manufactured load-bearing members was classified. The
beginning of the development focused on the effective structural design, i.e. the shape
and cross-section of the member, the amount of textile reinforcement and on determining
the manufacturing procedure. In general, the research performed included other
mechanical analysis, tests, investigations and design steps. However, this chapter presents

selected analyses related to fire resistance and to the content of the thesis only.

8 The description of the elements tested and the interpretation of results were summarized based on the final
report for the Karbeton-I1 research project, TACR Zeta [45, 46].
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In the first part, the quantity of the material used for HPC mixture was optimized.
Optimization aimed to achieve suitable mechanical parameters of HPC, i.e. compressive
and tensile strength, modulus of elasticity and workability during the casting process. In
the subsequent steps, the load-bearing capacity of the test specimens in the intermediate
scale was tested. Then, based on the results, the most effective variant of textile
reinforcement application was determined. The applied carbon textile reinforcement of

the intermediate test specimen is given in Figure 21.

(@) (b)

Figure 21: Prepared textile reinforcement for specimen 100x100 mm? with 4x ¢4 mm
CFRP rebars before HPC casting [14]:
(a) Before application of the epoxy resin matrix; (b) cured carbon reinforcement with
treated surface based on the results from Paper |

Before the real-scale fire tests were carried out, an indicative fire test to verify the
adherence of the selected fire-protection system was performed. Calcium-silicate boards
[47] and gypsum plaster [48] were chosen as the fire protection systems. Since calcium-
silicate boards can be mounted without anchoring them to the protected member, the
effect of adherence does not play a role in this case. Therefore, an indicative fire test was
performed only with gypsum plaster directly applied to the member’s surface. In total,
four specimens with treated member surface were created. Specimens for the unloaded
indicative fire test had the shape of half of an axisymmetric column member designed for

a real-scale test, shown in Figure 22.
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Figure 22: One of the specimens with gypsum plaster for the indicative fire test

In total, four different specimens with different surface treatment were created:

e Variant A: without any surface treatment (a reference specimen);

e Variant B: with surface treatment with Knauf Betokontakt adhesive bridge [49];

e Variant C: with a Knauf Betokontakt adhesive bridge and steel mesh in the
middle of the plaster layer (not anchored) [49];

e Variant D: with an adhesive bridge and steel mesh anchored by screws to the test

specimen body [49].

Based on the fire test, the adherence between HPC and gypsum plaster in Variants A and
B was observed to be insufficient and enable the creation of a cavity between the plaster
and the protected member. The fire-protection layer did not fall off only due to the
absence of the applied load-protection layer. On the contrary, the use of steel
reinforcement in the gypsum plaster, i.e. Variants C and D, prevented the formation of a
cavity between the materials and reached a slightly better insulation ability which was
also proved based on the measured temperatures at the first layer of textile reinforcement.
Altogether, they have proven to be an effective protection. To prevent damaging the
specimen due to the anchoring of the steel reinforcing mesh of the plaster layer, Variant
C, with the mesh not anchored to the test specimen surface, was selected for the real-scale
test. Specimens with gypsum plaster after the unloaded indicative fire test are shown in

Figure 23.

- 38 -



Chapter 4 — Methodology, results and discussion

(@ (b)

(©) (d)

Figure 23: Specimens with gypsum plaster with thickness 30
mm after fire test:
(a) Variant A: without any surface treatment (reference specimen);
(b) with surface treatment with Knauf Betokontakt adhesive bridge;
(c) with a Knauf Betokontakt adhesive bridge and steel mesh in the middle of the plaster
layer (not anchored);
(d) with an adhesive bridge and steel mesh anchored by screws to the test specimen
body.

The first experiment was performed on smaller test specimens for column design
optimization. Based on those results, columns and their possible fire protection was
designed and performed with the following tests of mechanical and fire resistance.
Experiments will be focused on the fire resistance of columns because it is the biggest

obstacle for application in civil engineering before its certification.

Based on the individual analysis and tests performed, two real-scale columns with a
height of h = 3000 mm, a cross-section of 250 x 250 mm? and a wall thickness of 33 mm
were created. Both specimens were intended for a fire-resistance test in an accredited fire
laboratory. Both real-scale fire tests were performed according to EN 1365-4 [50]. Based
on the structural design, the loaded force was determined as 1000 kN with an eccentricity
of 10 mm from the central axis of the specimen. The load was applied by a hydraulic
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furnace loading system 30 minutes before the test and maintained at constant levels
throughout the entire test. The fire tests started after the deformation was stabilised. The

test specimens before the fire tests are shown in Figure 24.

(b)

Figure 24: TRC column test specimens before the fire test with fire protection:
(a) Calcium-silicate boards Promatect-H; (b) Gypsum plaster Knauf Vermiplaster

For both specimens tested, the design temperature was not exceeded during the intended
duration of the fire test of 60 minutes. In the case of the calcium-silicate board system,
Promatect-H, a local opening of a horizontal joint between the boards occurred during the
fire test (Figure 25a). However, even this breach of the fire-protection layer did not cause
a significant increase in temperatures inside the test body. In the case of the gypsum
plaster protection layer, the development of hairline cracks over the entire surface of the
test specimen was observed. Moreover, local falling off of the protective material at the

corners of the cross-section occurred (see Figure 25b).
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(b)

Figure 25: Test specimens and the damaged fire-protection layer after the fire test:
(a) Gypsum plaster Knauf Vermiplaster; (b) Calcium-silicate boards Promatect-H

During the entire test, no cavity was formed between the fire-protection layer and the
column body. The absence of the cavity was caused due to the additional reinforcement
of the plaster layer with a thin steel grid, based on a series of indicative fire tests, which
were performed before the real-scale tests [45, 46]. There was therefore no condensation
of water vapour at the interface of the materials. The rise of temperature on the first layer
of the carbon reinforcement was almost linear throughout the entire duration of the fire
test. Similar to the calcium-silicate board system, the critical design temperature was not
exceeded. Therefore, the gypsum plaster also proved its insulation ability. For the

temperatures measured on the first layer of textile reinforcement, see Table 8.

Table 8: The temperature of the test specimens reached at the first layer of the textile
reinforcement

Fire protection Time [min]

system [-] 0 15 30 45 60
Promatect-H 11°C 13 °C 33°C 63 °C 91 °C
Vermiplaster 14 °C 33°C 67 °C 89 °C 109 °C

The column protected by the calcium-silicate board system did not exceed the limit value

of the vertical compression deformation limit of C = 30 mm, determined as C = ﬁ mm,

. . d . . d 3-h
and the compression rate of deformation d—z = 9 mm-min?, determined as d—i = 7555

mm-mint throughout the entire fire test, was as determined based on [50]. The test was
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terminated after reaching minute 120 of the test, during which the limit values of
deformation were not exceeded. Although the temperatures at the end of the fire test
exceeded the critical temperature (Tg) on the first layer of the textile reinforcement, the
pressure load was dominant due to the small eccentricity. The column did not collapse
even though the epoxy resin matrix of the textile reinforcement was degraded due to the
temperature increase. For this reason, the fire resistance could be officially classified as
R 120 [51]. On the other hand, in the case of the specimen with the gypsum plaster
protection system, a local break at the top corner occurred during the test’s loading phase,

see Figure 26.

Figure 26: Detail of local failure at the edge of the test specimen with Knauf Vermiplaster

It was caused due to a manufacturing imperfection of the textile reinforcement. A
probable reason was insufficient textile reinforcement matrix saturation at the column’s
top corner, which could not transfer the transverse tensile forces without breaking during
the load application. For this reason, applying adequate load was impossible and the entire
fire test was without any load. Despite the absence of load, the fire test was carried out to
observe the gypsum plaster’s insulating ability and a temperature increase in the
specimen. The temperatures measured were subsequently compared with temperatures
from the test specimens with a calcium-silicate protection board system. However, based
on the temperatures measured (see Table 8), it can be assumed that if there had been no
significant damage to the fire-protection layer due to the applied load, there would have
been no collapse, and the column would have retained its load-bearing capacity for the
planned 60 minutes. The fire test was terminated in the planned time of 60 minutes, but

due to the absence of load, it was impossible to classify the corresponding fire resistance.
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The presented research aims to improve the TRC slender structures’ behaviour exposed
to elevated temperatures. This was achieved by performing a series of tests, including the
findings from micro-scale tests (microscopic analysis, differential scanning calorimetry),
intermediate-scale mechanical tests at ambient and elevated temperatures, and
subsequently verified by real-scale fire tests on slender column structures with hollow

sections.

Determination of TRC initial mechanical parameters
First of all, textile reinforcement in the form of a single impregnated textile yarn with a

smooth and fine-grinned silica sand-treated surface was tested by pull-out tests [12]. The
tests showed that in contrast to specimens with a smooth surface, the specimens with
treated surfaces reached the maximum tensile stress values in the composite

reinforcement (Figure 9).

In the case of the test series with smooth surface yarn, it was observed that after the
activation of the reinforcement at its full length, there was a very slow increase in force
during the load application (Figure 9a). It was caused due to the deficient interaction
between the textile reinforcement and HPC. The results imply that it is necessary to
consider a larger anchorage length of the smooth composite reinforcement to provide a

sufficient force transfer between materials.

Compared to the results given in Figure 9b, specimens with the treated surface of carbon
yarn reached significantly higher contact stiffness. The treated surface of the
reinforcement prevented slipping in HPC during load application, and therefore all
specimens were broken before the carbon yarn was pulled out. Moreover, the results from
the specimens with treated textile reinforcement surfaces showed a more stable trend of
force/displacement curves (Figure 9b and Figure 10). The use of textile reinforcement
with a treated surface appeared to be a better variant for the final production of TRC

reinforcement.

Experimental evaluation of TRC risk areas at elevated temperatures
Following the tests performed at elevated temperatures, spalling of concrete layers and

loss of interaction between materials were identified as highly problematic risk areas of

TRC exposed to fire. The HPC higher spalling risk is associated with a low porosity of
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the hardened material in comparison to concretes with standard compressive strengths.
However, this issue becomes more important in the case of slender load-bearing members
because the spalling of concrete layers can significantly weaken the constructions,

potentially compromising their load-bearing capacity.

In the case of TRC, where the load-bearing wall of a structural member had a width of
approximately 30 mm [22, 52], the spalling of concrete layers must be reduced. One
possible solution to reduce the spalling of concrete layers is using polypropylene (PP)
fibres in the HPC mixture. These fibres facilitate migration of water evaporation outside
of the member and thus significantly reduce the risk of spalling [52]. Based on a series of
several tests, the ideal amount of PP fibres in the HPC mixture was determined
as 4 kg-m [25]. Nevertheless, the presence of PP fibres in the HPC mixture leads to a
decrease in the HPC mixture workability, which can lead to manufacturing imperfections.
It was necessary to establish the right amount of PP fibres which would allow the casting
of TRC without any manufacturing imperfections.

Specimens with an epoxy resin matrix contributed to the development of fire regardless
of the occurrence of the spalling of concrete layers, i.e. whether PP fibres are present or
not in the HPC mixture, respectively (Figure 12 and Figure 13). In the case of specimens
with an HPC mixture where PP fibres were present, spalling was eliminated, but the burnt
PP fibres formed a “pore bridge”, which allowed the migration of the thermal
decomposition products of the epoxy resin. These decomposition products subsequently
started burning at the surface of the specimens (Figure 13). Although specimens with PP
fibres kept their integrity, loss of cohesion between the materials was observed. It was
caused due to the low temperature resistance of the epoxy resin matrix because, firstly,
these decomposition products started burning after the matrix thermal degradation and,
secondly, the cohesion between HPC and the textile reinforcement was completely lost,
which was determined based on mechanical tests (Figure 14). The residual bending
strength of the specimens without PP fibres was not determined due to the massive

spalling out of the concrete layers.

For further investigation, changes in the mechanical properties of HPC must also be
considered. Based on the results of the mechanical tests, it was determined that the
bending strength of HPC decreased by approximately 30% after exposure to elevated
temperatures. On the contrary, the compressive strength increased by approximately 22%

(Figure 11). The increase in HPC strength was experimentally demonstrated in [42, 44],
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where the change in mechanical properties is associated with the temperature reached in
the specimens. These experimental results contradict the conclusions of EN 1991-1-2
[52], which considers the loss of mechanical properties only, i.e. tensile and compressive
strengths. The increased HPC compressive strength may be associated with a particular
HPC mixture. For this reason, it is necessary to experimentally determine the change in
mechanical strength for each concrete mixture to allow the effective design of TRC

structures.

For the further design of TRC, it is essential to distinguish which type of construction is
being assessed. The thesis particularly evaluates the use of TRC for columnar (vertical)
structures, which are loaded primarily by pressure in combination with bending moment.
Therefore, an increase in compressive strengths can contribute to load-bearing capacity
of the member in the first part of the fire exposure. However, if TRC was used primarily
for bent (horizontal) members, there would be a substantial loss of the concrete tensile
strength. This could lead to under-reinforcement of the member and inappropriate
structural design. In this case, it is necessary to consider the length of exposure to elevated
temperatures, as all mechanical parameters may be reduced if the limit temperatures are
exceeded. Otherwise, the procedure defined in EN 1991-1-2 [52] can be used, which only
takes into account the decrease in the mechanical parameters of the HPC.

Use of alternative matrix of textile reinforcement
In response to the identified risk behaviour of synthetic resins at elevated temperatures,

the use of non-flammable cement-based materials was verified. The aim was to propose
a material alternative that would replace the flammable material in TRC and
simultaneously achieve a suitable load-bearing capacity. Two different cement types were
tested, CEM 42.5 and CEM 52.5, with two different penetration methods, i.e. surface
saturation and pressure saturation. The microscopic tests revealed that CEM 52.5 has a
higher quantity of smaller particles with an average size of 9 um. This was in contrast to
CEM 42.5, where the average size of particles reached approximately 16 um (Figure 15)
and particles’ flocculation was observed (Figure 15b).

In the following mechanical tests, the ability of the textile reinforcement penetration by
cement suspension and the related bending capacity was verified. This confirmed the
assumption that materials with the most homogeneous structure possible were more
suitable for achieving a higher degree of saturation in combination with the average size
of the individual fibres in the bundle of textile reinforcement (Table 1). This trend was
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also confirmed based on the results from the four-point bending tests (Figure 17).
Furthermore, bending capacity was also linked to a percentage of saturation of the textile
reinforcement which was defined based on the microscopy visual analysis in [6]. As part
of the mechanical tests, two different HPC mixtures were assessed. The mixtures differed
in the presence of PP fibres with the amount defined in [25]. However, according to
Figure 18, it was figured out that the addition of PP fibres negatively affected the bending
strength of the specimens with textile reinforcement and a cement suspension matrix. On
the other hand, the presence of PP fibres had no reliable effect on the bending strength of

the test specimens with epoxy resin.

Mechanical parameters of the non-flammable matrix at elevated temperatures
The suitability of cement suspension was also assessed at elevated temperatures (Figure

20). The test specimens with a textile reinforcement matrix of cement suspension
experienced a decrease in bending strength of approximately 40% compared to the
reference specimens, and the contribution to fire development was successfully
eliminated. The load-bearing capacity decrease was linked to the degradation of the
mechanical properties of the HPC as well as of the cement suspension due to the fire
exposure. Compared to that, specimens with a textile reinforcement matrix from epoxy
resins de facto lost their ability of cohesion between the reinforcement and the HPC due
to the thermal degradation of the resins. Pulping of the reinforcement was observed, and

the ability to intermediate interaction between materials was lost.

Real-scale tests of TRC
Conclusions from the previous experimental works presented in [6, 12, 25, 34] were

verified based on tests at elevated temperatures in a real scale. In total, two TRC real-
scale column specimens were created. For their manufacturing, the combination of HPC
and carbon textile reinforcement impregnated with epoxy resin proved to be the best
solution for structural member manufacturing. However, based on the conclusions from
fire tests, risks were revealed, including restrictions on the use at elevated temperatures
[13, 25, 34].

For this reason, additional protection layers from calcium-silicate boards and gypsum
plaster were designed to prevent unwanted rises in temperature in the member (Figure
24). Based on the real-scale tests performed, the column structural member with a hollow
section achieved fire resistance R 120 [51] with a fire protection layer from calcium-

silicate board systems with a thickness of 2 x 20 mm (Figure 25). Therefore, based on the
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experience with structural design and the officially determined fire-resistance class, the
TRC column with a fire-protection layer could be used in civil engineering as the first

example of this type of composite structural member.

Unfortunately, the column specimen with a gypsum fire protection system was damaged
at its top part during the load phase of the fire test (Figure 26), making it impossible to
determine the fire-resistance class according to [50]. However, a satisfactory temperature
increase was observed based on the measured temperature data and their comparison with
the temperatures from the specimens with calcium-silicate boards. The top specimen
corner was damaged, probably due to the local textile reinforcement weakening.
Considering this issue, it is necessary to verify the amount of the textile reinforcement in
critical areas, i.e. at the top and bottom of a structural member, as well as the saturation
state level. This applies even to cases of epoxy resin reinforcement, although it commonly
reaches sufficient saturation ability. Alternatively, a slight over-reinforcement at the top
and bottom parts of the vertical structural member may be suitable.

The tests performed focused on describing the behaviour of TRC exposed to fire. As a
result, several problematic areas have been pointed out in order to be included in further
assessment for use as a load-bearing construction material. In addition to the criteria
necessary for the structural design, it is also essential to consider legislative restrictions
that may apply to the combination of the materials used — especially flammable materials

such as a synthetic resin matrix of textile reinforcement.

Legislative restrictions address mainly the risk of epoxy resin contribution to the
development of fire. For example, in the Czech Republic, structures with flammable
components contributing to the development of fire are considered to be equivalent to
wooden columns. Due to this classification, these structural members are subject to strict
restrictions, and their further use is excluded, for example, in buildings higher than 9 m
[53, 54]. For this reason, it is necessary to explore further material optimization, as strict
restrictions could fundamentally limit the use of TRC in civil engineering if flammable
materials are used. In conclusion, once the identified challenges are fixed, TRC can be

included in the most traditionally used reinforced concrete load-bearing structures.
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6. FUTURE WORK (OUTLOOK)

Based on the work performed within this thesis framework, the following steps were
suggested for further research, extending the knowledge about using TRC for load-
bearing structural members. Possible subsequent steps in developing the TRC are divided

into the following subchapters:

Determination of heat release rate of TRC

In [25] it was demonstrated that the use of synthetic resins as a matrix of textile
reinforcement could contribute to the development of fire (Figure 12). Therefore, based
on the national requirements, e.g. in the Czech Republic or Germany, this type of structure
can be limited due to the use of flammable parts as an important part of construction, i.e.
the part which contributes to load-bearing capacity. In accordance with the standard
restrictions, TRC columns may be considered as structural members equal to vertical
structures from plain wood. Therefore, it is recommended that the total heat release rate
(HRR) of TRC be determined by e.g. cone calorimetry tests according to 1SO 5660 [55].
Then, reliable comparisons and classifications of TRC members will be possible based

on the results of this analysis compared to other materials.

Use of geopolymers as alternative matrix

Based on the results of the alternative cement-based textile reinforcement matrix
materials tested, it would be appropriate to identify materials that achieve better
mechanical properties than the results presented in [6, 34]. As a possible alternative, the

use of fly ash-based geopolymers could be relevant for further testing.

It was found that the particle size of the applied matrix, in combination with the saturation
method, affects the percentage of yarn saturation and the related mechanical properties.
The geopolymer particle size is significantly smaller than cement particles. Moreover,
geopolymers achieve excellent mechanical properties and temperature resistance [56].
Therefore, their use could be a way to substitute the combustible matrix of textile

reinforcement while achieving better mechanical properties than cement suspension.
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Chapter 6 — Future work (outlook)

Use of intumescent coatings as an alternative fire protection

In one part of the Karbeton Il research project [14], column specimens were tested with
an additional applied layer of fire protection from calcium-silicate boards with a thickness
of 40 mm and gypsum plaster with a thickness of 30 mm and exposed to a standard
temperature curve. Unfortunately, the thickness of the protection layers was equal to or
greater than the load-bearing wall (33 mm) of the column with the hollow section.
Intumescent coatings (ICs) could be a potential solution, as they reach thicknesses of
approximately from 1 to 5 millimetres after application [38]. Thanks to this, it would be
possible to preserve the subtle character of constructions and thus significantly save

additional materials used to protect TRC structures.

Real-scale fire test

It is necessary to extend the performed tests package in real scale of TRC structural
members, as well as to determine the failure principles of TRC. At the same time, use of
another fire protection systems, e.g. reactive fire-protection systems or verification of
alternative matrix materials from geopolymers or different types of cement suspensions,
other than those described in [6, 34] is planned. However, based on the test data, the use
of columnar real-scale specimens turns out to be less suitable due to the use of risky
materials, i.e. materials with low temperature resistance in the position of the shear or
bending reinforcement. Therefore, it would be appropriate to change the character of the
test specimen from members that are primarily loaded by pressure (columns) to members
that are loaded mainly by bending (beams). In this case, observing the effect of the
degradation of the mechanical properties of the materials used at elevated temperatures

would be more effective

-49-



[1]

[2]

[3]

[4]

[5]

[6]

[7]

8]

[9]

REFERENCES

Curbach, M., Fuchs H., Hegger, J. and Offermann, P. Sachstandbericht zum
Einsatz von Textilien im Massivbau. Beuth Verlag, ISBN 978-3-410-65688-3.
1999. d0i:10.2366/12477501

Scheerer, S., Chudoba, R., Garibaldi, M. P., ARIBALDI and M. Curbach, M.
Shells Made of Textile Reinforced Concrete — Applications in Germany. Journal
of the International Association for Shell and Spatial Structures. 2017, 58(1), 79—
93. ISSN 1028365X, 19969015. doi:10.20898/j.iass.2017.191.846

Laiblova, L., Vlach, T., Michal Zenisek, M., Repka, J. and Héajek, P. Lightweight
TRC Facade Panels with the LEDs. Key Engineering Materials. 2018, 760, 141—
146. ISSN 1662-9795. doi:10.4028/www.scientific.net/KEM.760.141

Repka, J., Vlach, T., Laiblové, L., Hajek, P., Zenisek, M. and Koke§, P. Thin
Lightweight Panels Made of Textile Reinforced Concrete. Solid State Phenomena.
2017, 259, 238-243. ISSN 1662-9779. doi:
10.4028/www.scientific.net/SSP.259.238

Raupach, J., Orlowsky, J., Biittner, T., Dilthey, U and Schleser, M. Epoxy-
impregnated textiles in concrete — Load bearing capacity and durability.
ICTRC'2006 - 1st International RILEM Conference on Textile Reinforced
Concrete. RILEM Publications SARL. 2006, 77-88. ISSN 2351580087.
d0i:10.1617/2351580087.008

First, R., Fiirst, E., Vlach, T., Repka, J., Pokorny, M. and Mozer, V. Use of
Cement Suspension as an Alternative Matrix Material for Textile-Reinforced
Concrete. Materials. 2021, 14(9). ISSN 1996-1944. doi:10.3390/mal14092127
Kulas, C., Solidian GmbH. Actual applications and potential of textile-reinforced
concrete. International Glassfibre Reinforced Concrete Association. 2015, Dubai.
Tysmans, T., Adriaenssens, S., Wastiles, J. and Remy, O. Textile reinforced
cement composites for the design of very thin saddle shells: A case study. 18™
international conference on composite materials. 2018, Athenes.

Duchééek, V. VSCHT v Praze. Polymery: vyroba, vlastnosti, zpracovani, pouZiti.

Prague, Publisher VSCHT, 2006. ISBN 978-80-7080-617-3.

-50 -



References

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Prochazka, J., Stefan, R., Vaskova, J., and CTU in Prague, Faculty of Civil
Engeneering. Navrhovéani betonovych a zdénych konstrukci na ucinky pozaru.
Prague, Publisher: CTU in Prague, 2010. ISBN 978-80-01-04613-5.

Peled, A., Bentur, A. and Mobasher, B. Textile reinforced concrete. London,
Publisher: CRC Press, 2017. ISBN 9781315119151. doi:10.1201/9781315119151
Vlach, T., Repka, J., Hajek, J., Fiirst, R., Jirkalova, Z. and Hajek, P. Cohesion test
of a sigle impregnated ar-glass roving in high-performance concrete. Stavebni
obzor — Civil Engineering Journal. 2020, 29(03), 358-369. ISSN 18052576.
d0i:10.14311/CEJ.2020.03.0032

First, R. Fire specifics of building load-bearing structures of textile-reinforced
concrete. Prague, 2019. Master thesis, Czech Technical University in Prague,
Faculty of Civil Engineering.

Development of concrete lightweight columns with carbon reinforcement as
element for load-bearing structures with loading and fire tests (Karbeton-II),
Technology Agency of the Czech Republic, program for young researchers Zeta,
Prague (2019-2021), PID: TJ02000119.

Application of alternative materials in textile concrete and their evaluation at room
temperature and at elevated temperature. Grant Agency of the Czech Technical
University in Prague, Prague (2020-2022). No.: SGS21/094/OHK1/2T/11
Walraven, J. and Stoelhorst, D. Tailor Made Concrete Structures. London,
Pbulisher: CRC Press, 2008. ISBN 9780429103605. doi:10.1201/9781439828410
Kynclova, M., Fiala, C. and Hajek, P. High Performance Concrete as a Sustainable
Material. International Journal of Sustainable Building Technology and Urban
Development. 2011, 2(1), 63-68. ISSN 2093-761X, 2093-7628.
d0i:10.5390/SUSB.2011.2.1.063

Laiblova, L., Pesta, J., Kumar, A., Hjek, P., Fiala, C., Vlach, T. and Koci, V.
Environmental Impact of Textile Reinforced Concrete Facades Compared to
Conventional Solutions—LCA Case Study. Materials. 2019, 12(19), 3194. ISSN
1996-1944. doi:10.3390/mal2193194

Portal, N. W. Usability of Textile Reinforced Concrete: Structural Performance,
Durability and Sustainability. Goetheburg, 2015. Doctoral thesis, Chalmers
University of Technology, Department of Civil and Environmental Engineering,
division of Structural Engineering. ISSN 0346-718X.

-51 -



References

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Hegger, J., Will, N., Bruckermann, O. and Voss, S. Load—bearing behaviour and
simulation of textile reinforced concrete. Materials and Structures. 2006, 39(8),
765-776. ISSN 1359-5997, 1871-6873. d0i:10.1617/s11527-005-9039-y
Hegger, J and Voss, S. Investigations on the bearing behaviour and application
potential of textile reinforced concrete. Engineering Structures. 2008, 30(7),
2050-2056. ISSN 01410296. doi:10.1016/j.engstruct.2008.01.006

Aitcin, P. Ceska komora autorizovanych inzenyri a techniki ¢innych ve vystavbé
and Ceskd betonaiska spole¢nost. High-Performance concrete. Prague, 2005.
ISBN 978-80-86769-39-4.

Shah, H. A., Yuan, Q. and Photwichal, N. Use of materials to lower the cost of
ultra-high-performance concrete — A review. Construction and Building
Materials. 2022, 327, 127045. ISSN 09500618.
doi:10.1016/j.conbuildmat.2022.127045

Vlach, T. Adhesion of carbon and basalt composite reinforcement with UHPC.
Prague, 2013. Master thesis, Czech Technical University in Prague, Faculty of
Civil Engineering.

Fiirst, R., Vlach, T., Pokorny and Moézer, V. Study of Behavior of Textile-
Reinforced Concrete with Epoxy Resin Matrix in Fire. Fire Technology. 2022,
58(1), 53-74. ISSN 0015-2684, 1572-8099. doi:10.1007/s10694-021-01116-y
MasterFiber 012: Monofilni vldkno pro zabranéni trhlindm na povrchu betonu
vlivem plastického smr$tovani a sedani. Technical data sheet, 2021. Master
Builders Solutions Deutschland GmbH.

SOLIDIAN. Leading in construction with non-metallic reinforcement. [online].
B.m.:  Solidian GmbH, Germany. leden 2018. Dostupné z:
https://www.solidian.com/fileadmin/user_upload/pdf/solidian_Image broschure
_en.pdf

Vlach, T., Laiblova, L., Repka, J., Jiraklova, Z. and Hajek P. Experimental
verification of impregnated textile reinforcement splicing by overlaping. Acta
Polytechnica CTU Proceedings. 2019, 22, 128-132. ISSN 2336-5382.
doi:10.14311/APP.2019.22.0128

Maxineasa, S. G., Taranu, N., Bejan, L. Isopescu, D. and Banu, O. M.
Environmental impact of carbon fibre-reinforced polymer flexural strengthening

solutions of reinforced concrete beams. The International Journal of Life Cycle

-52 -



References

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Assessment. 2015, 20(10), 1343-1358. ISSN 0948-3349, 1614-7502.
d0i:10.1007/s11367-015-0940-5

Carbon roving Tenax STS40 F13 24K 1600tex. Technical data sheet, 2010. Toho
Tenax.

Dedk, T. and Czigany, T. Chemical Composition and Mechanical Properties of
Basalt and Glass Fibers: A Comparison. Textile Research Journal. 2009, 79(7),
645-651. ISSN 0040-5175, 1746-7748. doi:10.1177/0040517508095597

Cerny, M., Glogar, P., Sucharda, Z., Chlup, Z. and Kotek, J. Partially pyrolyzed
composites with basalt fibres — Mechanical properties at laboratory and elevated
temperatures. Composites Part A: Applied Science and Manufacturing. 2009,
40(10), 1650-1659. ISSN 1359835X. doi: 10.1016/j.compositesa.2009.08.002
Isayev, A. Encyclopedia of Polymer Blends. Volume 3: Structure. Publisher:
Wiley-VCH, 2016. ISBN 978-3-527-31931-2.

Fiirst, R., Hejtmanek, P., Vlach, T, Repka, J., Mozer, V. and Hijek, P.
Experimental Evaluation of Carbon Reinforced TRC with Cement Suspension
Matrix at Elevated Temperature. Polymers. 2022, 14(11), 2174. ISSN 2073-4360.
d0i:10.3390/polym14112174

EN 1992-1-2 Eurocode 2: Design of concrete structures, Part 1-2: General rules -
Structural fire design. 2009.

Vlach, T., Jirkalové, Z., Hajek, J., Repka, J., Fiirst, R. and Hnidka, J. Load-bearing
hollow column from high performance concrete with composite reinforcement
and anti-fire plaster. Functional sample, 2021. Prague.

Vlach, T., Jirkalové, Z., Hajek, J., Repka, J., Fiirst, R. and Hnidka, J. Load-bearing
hollow column from high performance concrete with composite reinforcement
and anti-fire cladding. Functional sample, 2021. Prague.

Fire protection coating for concrete, HENSOTHERM ® 820 KS. Technical data
sheet.

Miiller, H. S., Haist, M. and Vogel, M. Assessment of the sustainability potential
of concrete and concrete structures considering their environmental impact,
performance and lifetime. Construction and Building Materials. 2014, 67, 321-
337. ISSN 09500618. doi:10.1016/j.conbuildmat.2014.01.039

Advanced Concrete Elements with Woven Reinforcement (Karbeton-1), EU
EFRR — Operaéni program Podnikani a inovace pro konkurenceschopnost, Prague

(2016-2018), No.: CZ.01.1.02/0.0/0.0/15_019/0004908.

-B3 -



References

[41]
[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]
[51]

[52]

EN 1363-1, Fire Resistance Tests - Part 1, General requirements (2020).
Drzymala, T., Jackiewicz-Rek, W., Tomaszewski, M., Kus, A., Galaj, J. and
Sukys, R. Effects of High Temperature on the Properties of High Performance
Concrete (HPC). Procedia Engineering. 2017, 172, 256-263. ISSN 18777058.
doi:10.1016/j.proeng.2017.02.108

Khouri, G. A., Anderberg, Y., Both, K., Fellinger, J., Majorana, C. and H®j, N.
P. fib Bulletin No. 38 - Fire design of concrete structures - materials, structures
and modelling. The International Federation for Structural Concrete, 2007. ISBN
978-2-88394-078-9. doi:10.35789/fib.BULL.0038

Naus, D. J. The Effect of Elevated Temperature on Concrete Materials and
Structures - a Literature Review. Technical report, 2006. doi:10.2172/974590
Vlach. T. 2019, Interimn report about work procedure and achieved results for
2019. No. Project: TJ02000119, Czech Technical University in Prague —
University Centre for Energy Efficient Buildings.

Vlach. T. 2020, Interimn report about work procedure and achieved results for
2020. No. Project: TJ02000119, Czech Technical University in Prague —
University Centre for Energy Efficient Buildings.

PROMATECT®-H: Technical data sheet, Promat s.r.o. 2020. Online:
https://www.promat.com/siteassets/industry/downloads/technical-data-sheets-
tds/calcium-silicates/eng/promat-promatect-h-product-data-
sheet.pdf?v=49cca6/Download

Pozarni ochrana uhlikovovlaknitych CFRP lamel omitkou Knauf Vermiplaster,
Technical data sheet, Knauf Praha, spol. s.r.o. 2019. online:
https://www.knauf.cz/file/5010-knauf-tl-p901cz.pdf

Betokontakt: Adhezni kontaktni penetracni mustek na betonovy podklad pted
aplikaci saddrovych omitek. Technical data sheet, Knauf Praha, spol. s r. 0. 2018.
online: https://www.knauf.cz/file/4697-bm-710-tl-cz-betokontakt.pdf

EN 1365-4 - Fire resistance tests for loadbearing elements - Part 4. Columns, 2000
PAVUS, A.S. Protokol o zkouSce pozarni odolnosti ¢. Pr-21.2.059. B.m.: Pozarni
zkusebna Veseli nad LuZnici, zkuSebni laboratof ¢. 1026 akreditovana CIA
oznamena zkusebni laboratot pracovisté¢ Veseli nad Luznici. 12. kvéten 2021

EN 1991-1-2: Eurocode 1: Actions on structures - Part 1-2: General actions -

Actions on structures exposed to fire, 2004.

-54 -



References

[53]

[54]

[55]

[56]

CSN 73 0810 - Fire protection of buildings - General requirements. UNMZ - Utad
pro technickou normalizaci, metrologii a statni zkuSebnictvi. 2016

CSN 73 0802 ed. 2 - Fire protection of buildings - Non-industrial buildings.
UNMZ - Utad pro technickou normalizaci, metrologii a statni zkugebnictvi. 2020
ISO 5660-1: Reaction-to-fire tests — Heat release, smoke production and mass
loss rate — Part 1: Heat release rate (cone calorimeter method) and smoke
production rate (dynamic measurement). 2015

HLAVACEK, P. Engineering properties of alkali activated composites. Prague,
2014. Doctoral thesis, Czech Technical University in Prague, Faculty of Civil
Engineering.

-B5 -



LIST OF TABLES

Table 1: Comparison of mechanical properties and melting points of selected textile
reiNfOrCEMENT MALEITAIS. .....c.vi e e 5
Table 2: Overview of the thesis SUDODJECHIVES..........ccooiiiiiiiie, 11
Table 3: Overview of the thesis publications. ..........c.ccocvieiieii i, 13
Table 4: Author’s contribution to the papers incorporated in the PhD thesis................. 14
Table 5: Related thesis publications liSt............ccccovviieiiiie i 15
Table 6: Description of the multi-scale teStiNG .........ccoceviiiniiiiie s 18
Table 7: Description of the specimens for four-point bending tests. ...........cc.coovviennne. 24
Table 8: The temperature of the test specimens reached at the first layer of the textile

FRINTOTCEIMEINT ... et e e e et e e ettt e e e e e e e e et e eaeeeeeananens 41

-56 -



LIST OF FIGURES

Figure 1: Schematic TRC load-bearing member with hollow section...........c..cccccevvennne 2
Figure 2: Comparison of the concretes with different water/cement ration [22]............... 4

Figure 3: Variants of the carbon textile reinforcement with schematic yarn cross-section:

Figure 4: Change of the epoxy resin phase states [9].......ccccccevivrieiieiiiiie e 7
Figure 5: Variants of applied fire protection systems on a TRC hollow section column: 9
Figure 6: Reaction of the intumescent coating and foam forming...........cccccocevvvinvnnnnns 9

Figure 7: Scheme of the sequence of publications and linking of the subobjectives......12

Figure 8: Scheme of the multi-scale testing of thesis experiments.............ccccevvevvinnee. 17
Figure 9: Results of the cohesion test (pull-out diagram):.........cccccevveevveveiieseeie e, 24
Figure 10: Example of the results from four-point bending test of specimens with 2x10
tensile reinforcement with and without surface treatment............cccccoovieiinicncnennnn, 25
Figure 11: Change in mechanical properties of HPC: ..........ccccooiii i 27
Figure 12: Plate specimens without polypropylene fibres after the fire test................... 28
Figure 13: Plate specimens with polypropylene fibres during the fire test..................... 28

Figure 14: Comparison of the reference specimens and specimens exposed to fire....... 29
Figure 15: Microscope pictures of cement SUSPENSION: .........ccccveieiievieerieiiese e 30
Figure 16: Assessment of the microscopic analysis of textile reinforcement percentage
T LD LA o] o PSSR 30

Figure 17: Evaluation of four-point bending tests of experimental specimens with

different type of textile reinforcement matrix (pressure saturation) ............ccccceeeveveennnne 31
Figure 18: Bending strength of reference specimens with covering layer 0 mm: .......... 33
Figure 19: Instrumentation of the fire teStS: ..o 34

Figure 20: Residual bending strength of specimens exposed to elevated temperatures
with covering layer 0f O MM ... e 36

Figure 21: Prepared textile reinforcement for specimen 100x100 mm? with 4x ¢4 mm

CFRP rebars before HPC Casting [14]: ....covoiiiiiiiiiieieiese e 37
Figure 22: One of the specimens with gypsum plaster for the indicative fire test.......... 38
Figure 23: Specimens with gypsum plaster with thickness 30 ...........cccceveiviieie e, 39
Figure 24: TRC column test specimens before the fire test with fire protection:........... 40

Figure 25: Test specimens and the damaged fire-protection layer after the fire test:....41

- 57 -



List of figures

Figure 26: Detail of local failure at the edge of the test specimen with Knauf VVermiplaster

-58-



Note:

ANNEX A — APPENDED PAPERS

All publications are appended in full and actual version to date 02/2023.

Citations of publications in the attached papers are independent of the numbering of the

references in the text part of the thesis.

List of appended papers:

Paper |

Paper 11

Paper 111

Paper IV

Vlach, T., Repka, J., Hajek, J., Fiirst, R., Jirkalova, Z. and Hajek, P.
Cohesion Test of a Single Impregnated Ar-Glass Roving in High-
Performance Concrete. The Civil Engineering Journal, 2020, 2020(3),
358-369. ISSN 1805-2576. doi:10.14311/CEJ.2020.03.0032

Fiirst, R., Vlach, T., Pokorny, M. and Mézer, V. Study of Behavior of
Textile-Reinforced Concrete with Epoxy Resin Matrix in Fire. Fire
Technology, 2022, 58(1), 53-74. ISSN 0015-2684.
doi:10.1007/s10694-021-01116-y

Fiirst, R., First, E., Vlach, T., Repka, J., Pokorny, M. and Mozer, V.
Use of Cement Suspension as an Alternative Matrix Material for
Textile-Reinforced Concrete. Materials, 2021, 14(9), ISSN 1996-
1944. d0i:10.3390/mal14092127

Fiirst, R., Hejtmanek, P., Vlach, T., Repka, J., Mozer, V. and Hajek,
P. Experimental Evaluation of Carbon Reinforced TRC with Cement
Suspension Matrix at Elevated Temperature. Polymers, 2022, 14(11),
ISSN 2073-4360. doi:10.3390/polym14112174

-G89 -






PAPER I

Cohesion Test of a Single Impregnated Ar-Glass Roving in

Authors:

Journal:
Publisher:

Volume and number:

Year of publication:
Number of pages:
DOl:

High-Performance Concrete

Tomas Vlach, Jakub Repka, Jakub Hajek, Richard Fiirst,
Zuzana Jirkalova, Petr Hajek.

The Civil Engineering Journal

Czech Technical University in Prague

3/32

2020

12 pages

10.14311/CEJ.2020.03.0032






Article no. 32

THE CIVIL ENGINEERING JOURNAL 3-2020

COHESION TEST OF A SINGLE IMPREGNATED AR-GLASS
ROVING IN HIGH-PERFORMANCE CONCRETE

Tomés$ Vlach, Jakub Repka, Jakub Hajek, Richard Fiirst, Zuzana Jirkalové and Petr
Hajek

University Center for Energy Efficient Buildings of CTU in Prague, Bustéhrad, Tfinecka
1024, Czech Republic; tomas.vlach@cvut.cz; jakub.repka@cvut.cz; jakub.hajek@cvut.cz;
richard.furst@cvut.cz; zuzana.jirkalova@cvut.cz; petr.hajek@cvut.cz

ABSTRACT

The development of light and very thin concrete building structures and demand for
extremely thin elements in design are inter alia reasons for the development of composite
materials as non-traditional reinforcement. Composite materials are currently used as
reinforcement mostly in the form of fiber reinforced polymer bars similar to traditional steel
reinforcement bars, but the last decade sees also rise in the use of technical textiles. This article is
focused on the interaction between impregnated textile reinforcement and high-performance
concrete matrix and its easy determination using originally modified pullout test. The second aim of
this article is improvement of interaction conditions between reinforcement and cementitious matrix
using fine-grained silica sand applied on the surface of the composite reinforcement similarly to the
traditional fiber reinforced polymer reinforcement with commonly used diameters. To investigate an
effect of this modification a bending test was performed on small thin concrete slabs with different
amounts of reinforcement.

KEYWORDS

Concrete, High performance concrete, Textile reinforcement, Cohesion, Interaction, Roving,
Alkali resistant glass, Surface treatment

INTRODUCTION

Textile reinforced concrete (TRC) is a new composite material made of high-performance
concrete (HPC) reinforced with technical textiles. The properties of this material are still intensively
researched and its use is steadily growing. The basic principle is identical to the traditional steel
reinforced concrete. HPC has great mechanical properties regarding compression and textile
reinforcement has similarly good parameters in tension. With proper utilization of the HPC
properties it is possible to use lesser amount of concrete in comparison with traditional concrete for
elements with similar load-bearing capacity which in turn leads to more environmentally effective
elements [1]. The technical textiles used as reinforcement are chemically resistant and non-
corrosive and these characteristics can be further improved by using epoxy resin or materials. The
TRC elements therefore do not need as massive concrete cover of reinforcement as in the case of
traditional reinforced concrete with steel reinforcement affected by corrosion. The most commonly
used technical textiles as reinforcement are alkali-resistant glass, carbon, basalt and aramid.

This article is focused on the interaction of impregnated textile reinforcement in HPC matrix
and its easy determination using originally modified pull-out test. In addition, this experiment was
supplemented by the bending test performed on thin slabs to further verify and test the different
amounts of reinforcement in cross-sectional area. This issue is relatively thoroughly dealt with in
the case of fiber reinforced polymer (FRP) reinforcement with conventional diameters. Testing
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methods, interaction and methods for its improvement were already successfully proposed and
measured. There are many articles and standards all around the world. Impregnated technical
textiles using epoxy resin for homogenization are basically also FRP material with considerably
smaller diameter, but standards for element design and the effect of interaction with the cement
matrix have not been issued yet. There is also no standard with defined procedures to measure the
interaction conditions.

Some articles about the interaction conditions of textile reinforcement were already
published. This article is focused only on impregnated technical textiles. Portal [2] states that there
is no standard methodology for measurement and evaluation of the TRC pull-out test. The pull-out
test was set by the Kriger [3] and Lorenz and Ortlepp [4] asymmetric test. In their experiment
samples of 400 x 100 x 15 mm were reinforced using one layer of technical textile. Various
anchoring lengths were selected for the characterization of interaction conditions and also the
moment of breaking point of textile reinforcement in the sample [5].

Banholzer [6] developed a one-sided test that is used for detection of broken light-fiber
filaments. A sample is manufactured with dimensions of 10 x 10 mm and length of 30 mm using
epoxy resin with a bundle of fibers in the middle of this prism. The fibers inside are therefore
sufficiently protected against the steel jaws of the testing machine. The sample with epoxy prism is
then embedded into the concrete matrix with dimensions of 50 x 50 mm and length of also 30 mm.
During the testing procedure the sample of reinforcement is pulled out of the concrete part using a
supported steel plate with displacement speed of 0.1 mm/min until the maximum displacement of
1.7 mm.

Very interesting testing methodology is also described in [5] with whole fabrics, not a single
roving. This case also includes the effect of PP and PVA fibers that are used during the weaving of
technical textile for yarn joining. These fibrils connect the whole fabric before the process of
impregnation. The principle is analogous to the previously described testing methodology with a
single roving. A portion of technical textile is inserted into the HPC specimen during the concreting
with free length of fabric to be fixed into the testing machine. The fabric fixed into the testing
machine is then pulled out from the concrete specimen using a steel frame as a support for the
concrete part.

MATERIALS AND PREPARATION OF SPECIMENS

Concrete

The HPC mixture used in this experiment was developed at the Faculty of Civil
Engineering, Czech Technical University in Prague (FCE CTU) for various applications [7]. This
mixture was designed using mainly local sources of raw materials. It is a self-compacting fine-
grained concrete and its composition is presented in Table 1. The HPC mixture used in this
experiment was without any types of fibers. Water cement ratio was 0.25 and the water binder ratio
was 0.20 for this mixture. Compressive strength tested on cubes with sides of 100 mm was equal
to 140.5 MPa according to the standard CSN EN 12390-3. Tensile strength while bending tested
on beams with dimensions of 160 x 40 x 40 mm was equal to 15.4 MPa according to standard
CSN EN 12390-5. The same HPC recipe has been also used for several applications and research
activities at the CTU like waffle and solid experimental facade elements [8] or in [9], [10]. Using the
same concrete mixture allows the results to be compared with each other during the continuous
process of alternative reinforcement development.
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Tab. 1 - High-performance concrete mix composition

Component Unit HPC
Cement | 42.5R [kg/m?] 680
Technical silica sand [kg/m?3] 960
Silica flour [kg/m?] 325
Silica fume [kg/m?3] 175
Superplasticizers [kg/m?3] 29
Water (12°C) [kg/m?3] 171
Total [kg/m?] | 2340

Composite reinforcement

The technical textile reinforcement was produced from AR-glass fibers homogenized with
epoxy resin. Rovings of AR-glass fibers were chosen from other types of technical textiles such as
carbon, basalt or aramid due to the lower elasticity modulus, more visible interaction conditions
and also due to economic aspects. Used rovings were from the company Cem-FIL® with a length
weight (titer) of 2400 g/km (= 2400 tex), specific gravity of 2680 kg/m3, tensile strength of
1700 MPa and modulus of elasticity of 72 GPa according to the technical data sheet.

Epoxy resin SikaFloor-156 from the company Sika was used for the homogenization of the
rovings. Basic parameters of pure resin are tensile strength in bending of 15 MPa and modulus of
elasticity of 2.0 GPa. Specific gravity of the material is 1100 kg/m3 according to the technical data
sheet. This resin has excellent penetrating properties due to its low viscosity and is therefore very
suitable for roving homogenization. The epoxy resin accounted for about 65% of the cross-section
of the impregnated roving due to the experimental manual nature of its production in the lab.

Part of the textile reinforcement was produced with a smooth surface formed by the epoxy
resin, while the other part was created with surface modification utilizing fine-grained silica sand.
This surface treatment ensures better interaction conditions between composite reinforcement and
the cementitious matrix and was inspired in surface modification of the FRP bars with higher
diameter. The application of this type of surface treatment in the case of textile reinforcement was
described by Shi-ping [11] and the suitable size of silica sand grains was defined by previous
author’s research [12].

Specimen preparation

The specimens were prepared for two types of experimental verification of the composite
reinforcement performance. The first experiment designed for determination of basic material
interaction conditions was a pull-out test performed with a single impregnated roving with smooth
surface in comparison with a roving with surface treatment using fine-grained silica sand. The
second experiment was a four-point bending test performed as the most common way of loading
for TRC applications. Molds for all TRC specimens were prepared individually using a system of
laminated chipboards. One mold was made for five identical specimens for the pull-out test and the
other one for three TRC panels for the four-point bending test.

The developed pull-out test method for single impregnated roving was originally inspired by
American standard for testing of FRP reinforcements ACI 440.3R-03 “Guide test methods for fiber
reinforced polymers (FRPs) for reinforcing or strengthening concrete structures” with modified
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specimen dimensions. The concrete part of specimens had constant dimensions of 100 x 100 mm
with thickness related to the composite reinforcement diameter. First experiments were performed
with the thickness close to the mentioned ACI standard with respect to the ratio to the other two
dimensions, so the first thickness was 100 mm [13]. Especially in the case of single thin
impregnated roving with the surface treatment the composite roving was usually broken before the
start of slipping along the cementitious matrix. That leads to the thickness optimization using easy
calculations. The resulting optimal thickness of the specimens for the used AR-glass roving
2400 tex with the diameter of approximately 2.0 mm was calculated to 20 mm.

The single roving homogenized by epoxy resin was fixed in the middle of the mold before
the concreting of HPC part. A small cone made of silicone was installed on the composite roving
inside the mold on the side where the composite reinforcement was fixed in the testing machine to
prevent pulling of a shear cone from the HPC during the test procedure. This HPC shear cone
would negatively affect results and cause skips on the measured curve. The anchoring length of
each single impregnated roving was measured as the length of the roving inside a mold before
concreting without the silicone cone. This length was also controlled after the pull-out test was
performed by breaking of the HPC part and measuring the actual length. Mold was not treated with
a demolding oil to prevent the contamination of the surface of the composite reinforcement.

The side of composite reinforcement fixed in testing machine was provided with epoxy
sleeve enveloping it. Composite reinforcement has high tensile strength but is very fragile, so the
epoxy sleeves were there to prevent damage of the impregnated rovings due to them being fixed in
the testing machine. The epoxy sleeves replaced previously used steel ones [14], which made
preparation of the specimens and manipulation with them much easier.

After initial preparations, the concreting was performed using self-consolidating HPC. The
preparation of specimens is presented in Figure 1. Altogether 12 specimens were prepared - 6
specimens with the smooth surface and 6 specimens with the surface modification using fine-
grained silica sand. The surface modification is visible in Figure 1.

Specimens for the four-point bending test were prepared in the form of small slabs with the
dimensions of 100 x 360 x 18 mm. Reinforcement grids made of the impregnated AR-glass rovings
were prepared in two different densities with 5 and 10 rovings per 100 mm specimen width and
were cut to fit the intended specimen dimensions. The slabs were prepared in three variants. One
with two 5 roving layers (2x5), second with two 10 roving layers (2x10) and third with four 10 roving
layers (4x10). The last variant represents the maximum amount of textile reinforcement that
allowed for proper concrete distribution throughout the specimens. All variants were prepared with
a smooth surface and also with a surface modification, three specimens for each variant.
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The casting process was performed layer by layer. That means a layer of HPC with a controlled
thickness to ensure the proper concrete cover, then a TR was inserted, then a middle portion of
HPC, another TR, and an upper layer of HPC in the case of specimens with two reinforcement
grids and similarly in the case with four. The concrete cover layer was designed with a thickness of
4 mm and due to the chosen concreting process, no spacers were used. Specimens were not
vibrated to prevent movement of the composite reinforcement to the HPC surface, the concrete
HPC mixture was self-consolidating as mentioned above. The preparation of the specimens for the
flexural test is presented in Figure 2.

D -

' Fig. 2— Specimens preparation for the four-point bending test.

All specimens were demolded one day after the casting process and were stored in
constant conditions for another 27 days. The panels were stored in water tank and constant
temperature of 22 °C. The specimens created for pull-out test were placed in air-conditioned
environment with constant humidity of 60%. Dimensions and weight of the specimens were
measured before testing.

EXPERIMENTS
Cohesion test

The developed pull-out method was focused on the complete curve of bond behaviour with
a simple interpretation and application of results in the field of science as well as in the field of
engineering and structures designing. As mentioned above this method was inspired by the ACI
440.3R-03 standard, but specimen dimensions were modified due to the small cross-sectional area
of the composite reinforcement in comparison with traditional FRP reinforcement. Other aspects of
the test set up were very similar to the traditional FRP cohesion test. Epoxy sleeves were installed
only on one side of the rovings because of the safe and stable fixing to the testing machine without
any damages to the roving filaments. Concrete part had constant dimensions of 100 x 100 mm and
optimized thickness of 20 mm for single AR-glass impregnated roving with titer 2400 tex in this
experiment. A view of the developed testing set up inspired by ACI standard is presented in
Figure 3.
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Fig. 3 — Basic scheme of own developed pull out test method inspired by ACI standard and picture
of the actual setup.

Time, force, crosshead displacement and pull-out of the reinforcement were measured
during the test procedure inspired by the ACI standard for a simple and direct determination of
bond behaviour. Pull-out was measured on the free end of the impregnated roving by a
potentiometer. The concrete part was equipped with a steel element made precisely by a lathe
attached to the concrete by epoxy resin and the potentiometer was fixed in this steel part by a bolt.
A circular rigid steel plate was similarly attached at the free end of the reinforcement which
protruded from the concrete part by approximately 20 mm to provide stable contact area for the
potentiometer. Considering the steel plate, the maximum theoretical pull-out value was around 15
mm. Detailed view of the potentiometer and its fixing on the HPC part is presented in Figure 4. The
speed of loading was constant at 2.0 mm/min according to the prescribed tensile stress increment
of approximately 2.0 MPa/s in ACI 440.3R-03 standard.

:
:
|

1. s
Fig. 4 — Detailed view of the bottom part of the concrete specimen with installed potentiometer and
support constructions for the pull-out values measurement.
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The results of the pull-out test are presented in Figure 5 and Figurg’6 in the form of two
graphs. Both graphs show pull out measured by the potentiomejgr on the X axis and
corresponding force on/the Y axis. Figure 5 shows overall comparison 6f specimens with smooth
composite reinforcement and thoge with the surface treatment magé of fine-grained silica sand.
The test proved that there was little cohesion between HPC matpik and composite reinforcement
with smooth surface as all rovings without surface treatment were pulled out of their HPC matrix.
Figure 6 presents more /detailed view focused on the specime&ns with impregnated rovings treated
with fine-grained silica/ sand /which showed almost perféct bonding with the HPC matrix. All
impregnated rovings/ with surface treatment were brokew before they could be pulled out. Another
advantage of the surface treatment of the reinforcemént is the stability of the results because no
sample shows significant deviations as shown in fAgure 6. Also, the maximum tensile strengthof
the impregnated rgvings was without any negati¥e caused by the embedded grains of sjliea sand.
The presented curves of/ pull-out can be used for example for non-linear numericakmodelling of
crack development and crack opening of TRC elements using analytical rmethods or other
numerical software!.
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K19 5/~Results of pull-out test presented in the form of force — pull-out diagram using data from
the testing machine and potentiometer showing rapid difference between the smooth surface and
specimens with the surface modification.
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Fig. 6 — Results of pull-out test presented in the form of force — pull-out diagram using data from
the testing machine and potentiometer. Detailed view on the beginning of the pull-out test with
limited X axis showing rapid difference between the smooth and treated surface.
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Four-point bending test

The four-point bending test was performed on small slabs with dimensions of 100 x 360 mm
with constant thickness of 18 mm. Concrete cover of the composite reinforcement was designed to
only 4 mm and was achieved by controlled application of HPC layers. The specimens were not
vibrated to prevent the reinforcement movement to the HPC surface due to the lower density of the
composite reinforcement compared to HPC. Three specimens were created for each group with
the same designed amount of reinforcement. Six sets of samples were prepared in total.

Three variants with smooth surface and three with surface treatment using fine-grained
silica sand were created. The first group contained two identical layers of composite reinforcement.
One layer had 5 parallel impregnated rovings in the longitudinal direction with grid spacing of
22 mm. Grid spacing of rovings in transverse direction was 24 mm. The second group was also
made with two identical layers of pre-prepared textile reinforcement but with 10 impregnated
rovings in longitudinal direction spaced 10 mm from each other. The last third group of specimens
was made with four layers of reinforcement with 10 impregnated rovings in longitudinal direction
similar to the previous group. This combination of 4 layers with 10 rovings in each layer was the
maximum possible amount of composite reinforcement for these specimen dimensions and
composite reinforcement production technology, especially for the specimens with surface
treatment. A view of the test setup and typical crack development is shown in Figure 7.

Fig. 7 — Typical crack development of 2x5 reinforcement with smooth surface on the left and 4x10
reinforcement treated with fine-grained silica sand on the right side.

Testing was performed with axial distance of supports of 300 mm and 100 mm in the case
of loading supports. All supports had curvature with 15 mm radius. Monitored parameters during
the testing procedure were magnitude of the reaction on the load cell and displacement of
crosshead of the testing machine. Four-point bending test was performed on MTS 100 testing
machine with controlled constant load increment of 2.0 mm per minute [12], [15], [16].

The results are presented in Figure 8, Figure 9 and Figure 10 in the form of force —
displacement graph, because presentation of flexural stress on the y axis in not relevant after the
initiation of the first crack in the HPC part despite the fact that it is commonly used. Always two
graphs are presented side by side where the left side represents specimens with smooth
composite reinforcement and the right side represents specimens with composite reinforcement
with surface treatment.

Specimens with only two layers of textile reinforcement with five rovings in each layer are
shown in Figure 8. The first sudden drop on the curve represents the formation of the first crack,
creating a plastic joint, followed by an opening of the crack and an activation of the reinforcement.
The load-bearing capacity of the specimen before the first crack initiation is given only by the
tensile strength of the concrete without the contribution of the reinforcement. The small difference
in this value between the samples with smooth reinforcement on the left and the samples with
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surface treated reinforcement on the right is due to a slight inconsistency in specimen thickness
which varied from the intended 18 mm.

After the initiation of the first crack the specimens with smooth reinforcement typically
formed one additional crack, each under one of the loading supports, after which the smooth
reinforcement started slipping. Their behaviour under pressure was typical for a slightly reinforced
concrete structures with wide cracks opening. The specimens with the surface treated
reinforcement formed multiple more narrow cracks, due to significantly better interaction conditions
between reinforcement and cementitious matrix. The pull-out was not that significant and much
faster reinforcement activation lead to the multiple cracking, which is characteristic for structures
with higher amount of reinforcement [12], [16].
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Fig. 8 — Force — displacement curves from the four-point bending test of specimens reinforced with
2x5 impregnated rovings with and without surface modification.

Very similar trend is presented in Figure 9 in the case of more heavily reinforced specimens
with 10 rovings in each layer of reinforcement. Higher amount of reinforcement logically led to the
higher maximum value of reached force in comparison to the specimens with 2x5 reinforcement.
The specimens with smooth reinforcement on the left side show similar crack development as the
specimens in Figure 8 on the right side with 2x5 reinforcement treated with fine-grained silica sand.
The activation of surface treated 2x10 reinforcement is again much faster than in the case of its
smooth counter-part. The specimens with surface modification also show higher ultimate reached
force while also having lower displacement in the time of their collapse.

Figure 10 shows that the amount of reinforcement is so high in the cross-sectional area of
the specimen that curves look more or less similar. The positive effect of the surface modification
of composite textile reinforcement with fine-grained silica sand is much less significant in
comparison with Figure 8 and Figure 9.
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Fig. 9 — Force — displacement curves from the four-point bending test of specimens reinforced with
2x10 impregnated rovings with and without surface modification.
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Fig. 10 — Force — displacement curves from the four-point bending test of specimens reinforced
with 4x10 impregnated rovings with and without surface modification.

CONCLUSION

During the testing procedure of the own developed pull-out test method, the composite
textile reinforcement in the form of a single impregnated roving with surface treatment made with
fine-grained silica sand reached the maximum values of tensile stress in the composite
reinforcement corresponding to the results of tensile test presented in a previous research. That
means that the surface treatment using fine-grained silica sand has no significant negative effect
on the tensile strength of the impregnated roving. The impregnated individual rovings were in most
cases damaged (in the case of impregnated rovings with smooth surface after significant pull-out)
where they were in contact with the surrounding HPC prism due to the fact that the reinforcement
was pressed by the irregular contact area of the HPC during the process of reinforcement
activation. The fibers near the surface of the textile reinforcement were therefore subjected to
higher tensile stress, which leads to the weakening of the reinforcement and subsequent breaking
of the roving in this area. Epoxy resin impregnation of the individual rovings however provides
sufficient protection of AR-glass fibers in HPC matrix from premature damage for both smooth and
modified reinforcement. The HPC part of tested specimens showed no signs of damage.

The difference between specimens with and without surface treatment is also clearly
visible. The curves representing typical samples with smooth surfaces show a rapid pull-out of the
reinforcement from the part of the HPC sample with higher pull-out values and lower corresponding
force. After activation of the reinforcement in its full length, there is a very slow increase in force
during the loading process due to poor interaction of both materials. This result signifies the need
of large anchorage length of the smooth composite reinforcement required for the load transfer in
the actual TRC element. The curves representing typical samples with surface modification provide
much better results with higher contact stiffness. Grains of fine silica sand allow almost no slipping
due to the high surface roughness.

The contact area of the reinforcement and cementitious matrix is constant in this method,
due to the composite reinforcement passing completely trough the HPC prism. The pull-out is
measured by a potentiometer placed on the free end of the reinforcement protruding from the HPC
prism which ensures activation of the reinforcement in its whole length.

Textile reinforcement with surface treatment provides significantly better results regarding
the crack formation and development as was also demonstrated by flexural bending test performed
on small slabs using different variants and amounts of composite textile reinforcement. Better
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bonding conditions lead to a very short anchorage length for reinforcement activation without a
significant loss of force due to the loading process controlled by constant increment of
displacement. The ultimate bending strength was also a little higher. The most visible difference in
the results is at the beginning of the curve during the process of reinforcement activation in the
case of 2x10 impregnated rovings with smooth surface and with surface treatment. The surface
treatment is therefore very effective and can also have economic benefits by saving reinforcement
material.

It is also obvious from the presented figures that with a higher amount of textile
reinforcement a bending behaviour similar to that of elements made of traditional materials and
with traditional diameters of reinforcement can be achieved. This means that after the first initiation
of cracks, there is no massive opening of cracks. This effect was achieved with a roving material
made of alkali-resistant glass, which has a modulus of elasticity slightly higher than the HPC used.
After impregnation with epoxy resin, the composite reinforcement as a whole even has a similar
modulus of elasticity. It explains why such a large amount of composite reinforcement was needed
to achieve those results during the bending test.
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Abstract. Textile-reinforced concrete is currently most frequently used for non-load—
bearing structures, but there is a vision for also using it in load—bearing construction
elements. In recent years, this construction material has been subjected to detailed
examination. Different combinations of materials for potential use in textile-rein-
forced concrete have been described. These differ in the type of concrete mix and the
composition of the textile reinforcement. The aim of this work is to test the applica-
tion of a specific textile-reinforced concrete, consisting of high-performance concrete,
textile reinforcement from carbon fibers and its epoxy resin matrix, at an elevated
temperature. The combination of these materials makes it possible to produce subtle
load—bearing structures with excellent mechanical properties. The critical issue is the
behavior of these structures when exposed to fire. A series of medium-scale fire con-
dition experiments were carried out with a temperature load based on the ISO 834
curve, followed up by mechanical tests. The aim of these experiments was to describe
critical areas of textile-reinforced concrete in fire and to propose possible solutions.
In an indicative fire experiment, experimental samples displayed massive spall of con-
crete layers, and interaction between materials was lost due to the low temperature
resistance of the epoxy resin. Concurrently, the optimal quantity of polypropylene
fibers was experimentally determined. This paper presents an experimental demon-
stration of the problematic aspects of textile-reinforced concrete and subsequent rec-
ommendations for future work with practical application in the design of load—

bearing structures.

Keywords: Textile-reinforced concrete, High-performance concrete, Carbon fibers, Epoxy resin,
Load—bearing structures, Fire

The construction of buildings is currently evolving due to the more frequent use
of alternative materials, increased visual quality and architectural design of struc-
tures. At the same time, importance is being placed on sustainability in civil engi-

*Correspondence should be addressed to: Richard Fiirst, E-mail: richard.furst@cvut.cz
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neering, especially reducing the materials used with respect to their carbon foot-
print. This means maximizing performance and saving primary raw material
resources. Therefore, alternative composite materials with excellent material prop-
erties are being used more frequently. This fact is followed by several studies
which have characterized the environmental impact of the new composite materi-
als. These studies describe the life cycle cost and environmental impact, especially
for structures from HPC [1, 2] or particularly from TRC [3]. Based on the find-
ings from these studies, materials with higher mechanical qualities achieve lower
environmental impact values, primarily because of their efficiency and saving of
material. From the point of view of textile reinforcement, it is appropriate to use
either basalt or carbon fibers since basalt fibers need much less energy for their
production than other textile materials. Finally, the environmental impact and
carbon footprint of carbon fibers is the lowest of all the alternatives [4] in com-
parison with other materials.

This work describes the development of a composite material based on HPC
and textile reinforcement, i.e. textile-reinforced concrete (TRC). The material pre-
sented in this paper was developed at the Czech Technical University (CTU) in
Prague, Faculty of Civil Engineering, and at the University Center for Energy
Efficient Buildings (UCEEB) at CTU in Prague. In general, TRC is a combination
of high-performance concrete and textile reinforcement with a matrix most fre-
quently consisting of synthetic resins. Thanks to the outstanding mechanical quali-
ties of the material, it is possible to realize subtle constructions or constructions
with non-standard shapes as shell structures, or thin-walled structures (Fig. 1) [5—
7]. TRC was by far the most frequently used material for non-load—bearing struc-
tures such as facade panels or design members [8]. Currently, several studies
describe possible ways for using TRC in load—bearing structures. One of the
advantages of TRC as a material for load—bearing structures is its flexible textile
reinforcement. Owing to the high resistance of the textile reinforcement to atmo-
spheric corrosion, it is possible to consider the covering layer of TRC only with
respect to the interaction between materials. Therefore, it is possible to propose a

(b)

Figure 1. Example of the reinforcement mesh and structures made
out of TRC: (a) carbon fiber reinforcement in the form of an L-angle
with impregnation from the epoxy resin; (b) example of non-load-
bearing structures made out of textile-reinforced concrete.
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covering layer of around 5-10 mm [9], which is quite different from the situation
for traditional reinforced concrete. At the same time, the realization process, e.g.
the HPC production method or the covering layer guarantee, is extremely difficult
and therefore is this construction material is intended exclusively for prefabrica-
tion [10, 11]. However, for further development of TRC it is necessary to achieve
a deeper understanding based on basic research, which should proceed alongside
assessment of TRC on the effects at elevated temperatures.

With this combination of materials, it is necessary to consider the behavior of
the individual components exposed to elevated temperatures. The behavior of
TRC at elevated temperatures has been described in several studies that dealt with
temperatures ranging around 700°C [12-14]. Due to the standard temperatures
during fire (exceeding 1000°C), it is necessary to investigate such situations, espe-
cially when TRC contains flammable materials in the textile reinforcement matrix.
For future research at elevated temperatures, it is appropriate to focus on experi-
ments where the experimental samples shall be loaded according to the standard
temperature curve ISO 834 as per [15].

In general, the design of load—bearing structures impacted by fire is driven by
maintaining their mechanical properties for the required time of fire resistance.
This means that the construction element should not be deformed over the load—
bearing capacity limit of the structure, or even collapse during the fire. If the
structural element has not only a load—bearing but also a fire-separating function,
it must at the same time retain its integrity and insulating ability [16]. Generally,
structures which are loaded only in compression do not exist due to the imperfec-
tion of the structure. Therefore for bend structures, it is necessary to ensure the
transfer of tensile tension generating the bending moments (see Fig. 2) by which
the bend structures are dominantly loaded. This is especially the case of subtle
structural elements. If this capability fails, progressive collapse of the structure
occurs, due to the absence of yield strength of the carbon material. This must be
avoided in designing load—bearing structures.

For a TRC structure made from high-performance concrete (HPC) and textile
reinforcement with epoxy resin (ER) matrix, the structure is significantly weaker if
the interaction between the tensile reinforcement (carbon fiber) and HPC is
impaired. The interaction is provided by the textile reinforcement matrix, which
enables the activation of all fibers (homogenization) in the carbon yarn and thus
allows the use of the entire tensile capacity. The temperature limit (where the total
loss of interaction between materials occurs) is the so-called glass transition tem-
perature. This is the temperature where the elastic modulus rapidly decreases, and
the deformation sharply increases (see Fig. 3).

Therefore, it is necessary to prevent the temperature increase over the ER glass-
transition temperature value. Traditional reinforced concrete structures (with steel
reinforcement) have a covering layer in the range of 10 to 40 mm, serving primar-
ily as a protection against atmospheric corrosion. In comparison, textile reinforce-
ment has excellent resistance to atmospheric corrosion. Therefore, it is possible to
design TRC construction elements only with respect to the interaction between
materials, thus minimizing the covering layer to 5-10 mm [9]. However, these
solutions negatively affect the temperature resistance of the overall TRC structure
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because this cover layer does not provide sufficient protection of ER from ele-
vated temperatures.

For the development of TRC, HPC has been used, having better standard
mechanical properties. HPC is used for its compressive strength, better workabil-
ity, modulus of elasticity and waterproofing properties. Production of HPC is pos-
sible by using plasticizers, which enable use of less water during preparation and
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thus achieve higher compressive strength. Because less water has been used in the
concrete mixture, the final hardened construction element has significantly lower
porosity, with greater compressive strength.

From the point of view of fire resistance, HPCs [19] have worse fire resistance
compared to standard concrete. It is primarily impacted by the absence of pores
caused by the small water coefficient. As a result, HPC is not able to provide
migration of water vapor pressure through the pores to the external environment.
The absence of pores can be substituted by adding polypropylene (PP) fibers to
the concrete mixture. These fibers evaporate at a relatively low temperatures
(170°C, according to [20]) and allow water vapor to migrate out of the concrete
structure. Despite some negative aspects, HPC is still one of the best variants for
subtle TRC construction elements. However, it is necessary to consider its behav-
ior at elevated temperatures during the design.

2. Methods and Materials

In this chapter, the test samples used in experiments are described. The mechani-
cal properties of materials are also described, including the procedure of experi-
mental sample preparation.

2.1. Test Samples and Materials Used

Two variants of the experimental samples for exposure to elevated temperatures
were prepared. The first variant was a beam with dimensions of
40 x 40 x 160 mm for the standard bending and compression tests according to
the standard of [20, 21] without textile reinforcement. The second variant was a
plate designed with dimensions of 100 x 18 x 360 mm and provided with two
layers of textile reinforcement. For the following thermal analysis, wire thermo-
couples were placed inside the samples, near to the exposed side of the samples
(for more details see Fig. 4).

The standard beam and plate samples according to [20, 21] were used in our
experiments. The samples were tested for changes in their mechanical properties:

e without exposure to elevated temperatures—reference
e following exposure to elevated temperatures—ISO 834 for 15 and 30 min

The HPC mixture used for the preparation of experimental samples was devel-
oped for different applications under previous research projects at CTU in Prague
[23]. The quantities of each material in the concrete mixture are described in
Table 1. The production of HPC was carried out according to the prescribed pro-
cedure, where the cured concrete has the following material properties:

e Compressive strength 115.0 MPa
e Tensile strength 11.5 MPa
e Modulus of elasticity 49.5 GPa
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Figure 4. Axonomefry and cross section of experimental samples and
position of reinforcement mesh: (a) experimental plate sample of TRC;
(b) experimental sample from HPC. Note: During the fire experiment,
the temperature on the unexposed side was measured as well—in the
picture, the position of the thermocouple on the unexposed side was
not described.

Table 1
Mixture of HPC [23]

Mix content Quantity (kg m—?)
Cement I 42, 5R 680
Silica sand 960
Silica flour (ground quartz) 325
Silica fume (microsilica) 175
Superplasticizer 29
Water 171
Total 2420

For the preparation of TRC samples, tensile reinforcement of carbon fibers was
used. Fibers were impregnated with epoxy resin—a commercially available pro-
duct named Solidian GRID Q142/142-CCE-25XYZ. All necessary material proper-
ties are described in Table 2.

Each of the experimental samples has been conditioned for 28 days in a lime-
water bath according to [25]. After this time, fire experiments were performed.
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Table 2
Material Properties of Carbon Mesh Used [24]

Geometry textile reinforcement

Yarn material Carbon -
Impregnation material Epoxy resin -

Yarn axis distance 25 mm
Cross-section of the strand 3.62 mm?
Cross-section of the reinforcement 142 mm?* m™!
Material properties

Tensile strength of the yarn > 4.0 N mm~>
Resisting force 440 kN m™!
Modulus of elasticity > 220.0 N mm

2.2. Fire Exposure

The fire experiments were performed in a mobile fire furnace called miniFUR
developed by FireLAB at the University Center for Energy Efficient Buildings,
CTU in Prague. The furnace serves for medium-scale experiments and can achieve
the temperature curve according to ISO 834 (see Fig. 6). The furnace is heated
with cement-fiber boards and has a steel load—bearing structure. Ventilation of the
furnace is ensured naturally, with two air inlets at the bottom of the furnace and
two exhaust vents. The required temperature is achieved by burning of propane
2.5 with a net calorific value of 46.4 MJ kg~' (according to the technical data-
sheet of the propane), distributed through a 300 x 100 x 100 mm gas burner
located in the central axis of the furnace (see Fig. 5).

For monitoring and adjusting the course of temperature, we have installed eight
thermocouples. Four are placed under the ceiling of the furnace and four above
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Figure 5. Position of gas burner and thermocouples in the fire
furnace burning space: (a) plan view of the furnace; (b) cross-section
through the furnace center.
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the floor (see Fig. 5). The reproducibility of the fire experiments showed that it is
possible to repeatedly achieve temperatures in the burning space of the furnace
near the ISO 834 temperature curve [16] for up to 45 min (see Fig. 6).

The ISO 834 exposure was selected since it represents the standard thermal
exposure during fire resistance tests. Other heating regimes were also considered.
The use of the standard ISO 834 temperature curve allowed observation of the
onset and extent of spalling, which becomes more severe with steeper temperature
increases in the initial phases of heating, when the sample is at or close to room
temperature.

The experimental samples were always placed in the upper part of the furnace,
where the highest gas temperature is achieved. The samples were attached to the
front walls made from aerated concrete blocks with a thickness of 100 mm (see
Fig. 7). The space between the concrete wall and the experimental samples was fil-
led with slightly expanding sealant. This sealant prevents exposure of samples to
heat from more than one side.

2.3. General Description of Performed Mechanical Tests

The experimental samples were left to cool for 24 h after the fire experiment. The
cooling process was not recorded. When the temperature of the samples was stabi-
lized, the mechanical compression and tensile tests were carried out according to
[21, 22]. All these mechanical tests were compared with reference samples to
observe the change in mechanical properties.

2.3.1. Bending Tensile Strength (Three-Point Bending) Bending tensile strength
was determined on beam samples with dimensions of 40 x 40 x 160 mm. In the
next step, the tensile strength was calculated using the formula
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Figure 6. Temperature curve in the burning space during the fire
experiment for 45 min.
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(b)

Figure 7. Attaching of experimental saumples to the front wall of the
concrete brick furnace: (a) beam samples; (b) plate samples.

where f., represents bending tensile strength [MPa], / distance between supports
[mm] and d; and d> represent the width of samples [mm]. The result values were
rounded to the nearest 0.1 MPa (see Fig. 8).

2.3.2. Compressive Strength Test One of the beam samples broke during the
three-point bending test and was used for the subsequent compression test. The
samples were equally loaded in the compression until their explosive failure. In the
next step, the compression strength was calculated using the formula:

L
CT A di-d

where fc represents compression strength [MPa], F, maximum load value during
the compression test and the product of d;, d> dimensions represents the cross-sec-
tional area of the sample [mm]. The result values were rounded to the nearest
0.5 MPa (see Fig. 9).
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Figure 8. Tensile bending strength tests (three-point bending): (a)
mechanical test scheme; (b) experimental sample in the mechanical
press.
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Figure 9. Compressive strength test: (a) mechanical test scheme; (b)
part of beam sample in mechanical press.

2.3.3. Bending Tensile Strength (4-Point Bending) Verification of the plate sam-
ples’ loss of mechanical properties was determined using the four-point bending
test (loading by two loads, see Fig. 10). The samples have been loaded until fail-
ure. We have measured the maximum value of force achieved before the sample
failed. The plate samples were placed in a mechanical tester and loaded at
2 mm min~'. The load transfer from the press to the test samples is ensured by a
spherical component (joint) with three degrees of freedom. This solution elimi-
nates geometrical imperfections occurring during the production of samples.

Spherical part with three degrees of freedom

Support

Figure 10. Experimental plate sample in the mechanical four-
bending press.
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2.4. Production of Test Samples for Partial Experiments

Within the experimental part of this work, a series of medium-scale fire experi-
ments and mechanical tests were carried out. This chapter describes the procedure
of preparing the experimental samples.

2.4.1. Experimental Samples for Indicative Fire Experiment For the indicative fire
tests two series of plate samples were produced from TRC with (series D) and
without (series C) added PP fibers according to [16]. Both variants of samples
were reinforced with carbon mesh. The dimensions of the plate samples (after the
concrete had hardened) are described in Table 3. Each sample was measured using
a laser caliper at both ends and in the center. These values were averaged, and the
resulting value served as the representative thickness. These values were further
used in the evaluation of mechanical tests. Dimensions of the samples exposed to
fire were measured after the experiment.

2.4.2. Experimental Samples for Fire Experiment with Determination of Quantity
of PP Fibers in Concrete Mixture The experimental samples were produced from
HPC with a different quantity of PP fibers in the concrete mixture. The original
quantity of PP fibers was chosen from Eurocode 2 [16], where the application is
described for reinforced concrete structures. For HPC and analogically for TRC
structures, similar positive performance can be expected as for the reinforced con-
crete structures. However, due to the thickness of the TRC structures, particularly
their covering layers, these structures are considerably more sensitive to the spal-
ling of concrete layers. The quantity of PP fibers was determined as the minimum
amount described in Eurocode 2 [16], i.e. 2 kg m . Subsequently, the quantity of
PP fibers in the concrete mixture was increased in multiples, see Table 4. Overall,
we created 12 experimental samples, as well as 12 reference samples.

The preparation of each experimental sample was carried out according to the
prescribed procedure [21]. The concrete mixture was prepared for each sample ser-

Table 3
Dimension of Plate Samples

Size

@ thickness

Sample Description of sample mm
Cl TRC sample exposed to temperature according to ISO 834 19.46
C2 17.67
C3 18.77
D1 TRC sample with PP fibers exposed to temperature according to ISO 834 19.07
D2 20.57
D3 19.91

The length and width of the test sample was constant, i.e. equal to 360/100 mm due to the precise dimensions of
the mold
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Table 4
Quantity of PP Fibers in Concrete Mixture

Volume of concrete mixture Quantity of PP fibers in concrete mixture Weight of PP fibers

Sample 1 kg m~3 g
PP2 3 2 6
PP4 3 4 12
PP6 3 6 18
PP8 3 8 24

ies separately. The samples were labeled and conditioned in a water bath for
28 days before the fire experiment. During the fire experiment, we measured the
temperature inside the furnace, inside of the test specimen (5 mm from the
exposed side) and on the unexposed side of the experimental samples. The dimen-
sions of the samples are described in Table 5.

3. Resulis and Discussion

In general, the measurements and recorded data contain an error manifested as
the deviation between the actual (real) measurement value and the recorded value.
In order to reliably record the measured data, we have determined the expanded
measurement uncertainty by using the expansion coefficient Ku equal to 2 (to
include approximately 95% of the values [26]).

3.1. Results of Indicative Experiment

The initial ambient temperature during the experiment was 20°C. Due to the mas-
sive spalling of concrete layers of the C series (plate samples without PP fibers),
we had to stop the experiment after 15 min instead of the planned 30 min. The
reason for the end of the experiment before the set time was to keep a sufficient
mass of the experimental sample to be able to test the loss of mechanical proper-
ties. The furnace used during the experiment is shown in Fig. 11. The temperature
inside the furnace was within the limits of the ISO 834 curve (see Fig. 12) during
the whole experiment.

In the plate samples (C-series), massive spalling of concrete layers occurred and
as a result, the textile reinforcement was exposed to flames. We could not deter-
mine the thickness of the spalled layers because a major part of the experimental
samples were destroyed due to the elevated temperatures. As a result of exposing
the textile reinforcement to fire, all experimental samples started burning on their
surface. The burning persisted for about 3.5 min, even after then the experiment
was stopped by switching off the gas supply to the furnace (see Fig. 13). The posi-
tive effect of PP fibers for high-temperature resistance has been extensively dis-
cussed in the literature and experimentally demonstrated, however, due to the
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Table 5
Dimension and Weight of Experimental Samples with Different
Quantity of PP Fibers

Size of sample Weight
(%] dl (%) d2 m
Sample Description of sample mm mm kg
PP2-1 Reference sample 40.13 40.11 0.566
PP2-2 40.06 40.08 0.571
PP2-3 39.98 40.47 0.57
PP2-4 Sample exposed to temperature according to ISO 834 39.98 39.41 0.576
PP2-5 40 40.33 0.586
PP2-6 39.87 40.44 0.58
PP4-1 Reference sample 39.87 39.98 0.58
PP4-2 40.22 40.89 0.568
PP4-3 40.01 40.58 0.579
PP4-4 Sample exposed to temperature according to ISO 834 39.98 40.87 0.573
PP4-5 40.01 40.96 0.599
PP4-6 39.94 41.01 0.583
PP6-1 Reference sample 40.08 40.9 0.56
PP6-2 39.97 39.96 0.571
PP6-3 40.1 40.92 0.574
PP6-4 Sample exposed to temperature according to ISO 834 40.03 39.92 0.581
PP6-5 39.94 39.97 0.579
PP6-6 40 40.7 0.579
PP8-1 Reference sample 39.92 40.41 0.564
PP8-2 39.99 41.78 0.567
PP8-3 39.85 41.37 0.58
PP8-4 Sample exposed to temperature according to ISO 834 40.04 40.72 0.581
PP8-5 40.31 40.64 0.576
PP8-6 40 40.25 0.57

subtle character of TRC structures, it is necessary to minimize the effect of con-
crete layer spalling down to the lowest possible level.

In contrast to the C-samples, the D-sample concrete layers did not detach, and
the samples maintained their integrity. These samples also started burning simi-
larly to the C-samples, but the D-series samples only burned around 2 min after
the experiment was ended. The cause of this behavior was the burn-out of the PP
fibers, thus creating a ““pore bridge” and enabling the migration of ER thermal
decomposition products into the furnace where they were ignited. In the follow-up
visual analysis, it was evident that all of the ER matrix burned out and created a
cavity between the concrete and the tensile reinforcement.

One of the causes of the ER burnout was degradation of the textile reinforce-
ment fiber and the resulting loss of bond between the HPC and the tensile rein-
forcement. In this case, only the reinforcement mesh intersections (the overlap of
fiber strings forming the mesh) could transmit the tensile tension. The C-samples
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Figure 11. Medium-scale fire furnace (miniFUR) during the
indicative fire experiment.
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Figure 12. Temperature curve inside the furnace during the
indicative fire experiment; TCa-TCd = temperature measvred by
thermocouples in the furnace upper part; TCe-TCh = lower part of the

were not tested in the subsequent mechanical tests (tensile strength at four-point
bending) due to the destruction of experimental samples during the fire experi-
ment. For the results of the reference and D-samples from the four-point bending
mechanical test, see Fig. 14. The tensile strength of D-samples was measured up
to the first crack. The measured value was around 0.28 kN for D-samples and 1.3
kN for reference samples. The mechanical test was terminated for samples
exposed to elevated temperatures after exceeding the maximum specified deforma-
tion—20 mm. Conversely, the mechanical test of the reference samples was per-
formed after exceeding the tensile strength and their sudden failure.
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Figure 13. View through the ventilation opening of the
experimental samples’ burning surface in the furnace: ignition of C-
sample, without PP fibers (left) and D-sample with PP fibers (right),
after the end of the indicative experiment.
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Figure 14. Comparison of reference and D-series plate samples.

3.2. Results of Fire Experiment with PP Fibers in Concrete Mixture

The experimental samples with PP fibers retained their integrity and therefore the
total length of the fire experiment was 30 min.

Visual comparison of the individual samples showed the positive effect of a
higher quantity of PP fibers. In this chapter, only sample series PP2 and PP4 are
compared (see Fig. 15). The other series of samples were not compared, because
there was no spalling of concrete layers. Depth of the spall of concrete layers was
measured with a laser meter.

For the PP2 experimental series, PP fibers were used in a concentration of
2 kg m—, but spalling occurred on all sample surfaces with an average thickness
of 2.63 mm (Fig. 15). When the quantity of PP fibers was increased to 4 kg m >,
only limited local spalling of concrete layers occurred. Other series with a quantity
of PP fibers higher than 4 kg m™, (6 and 8 kg m™>) did not spall, however,
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(a) (b)

Figure 15. Comparison of concrete layer spall value of experimental
samples after 30 min of exposure: (a) PP2-series samples; (b) PP4-
series samples. Red-hordered parts represent the spalled parts of
experimental samples (Color figure online).

applying more PP fibers would be expensive. The parameters of spalled layers and
weight loss of the individual test samples are described in Table 6.

For realization of subtle structures from TRC it is necessary to consider the
risk of the concrete layers spalling. The covering layer in TRC is usually very thin
(about five millimeters) so undesired exposure of the textile reinforcement and

Table 6
Value of Concrete Layers Spall and Weight Loss of Experimental
Samples Exposed to 1SO Curve

Weight of experimental samples Loss of weight after fire ~ Average value of spall of
before fire experiment experiment concrete layers
Sample g g mm
PP2-1  537.6 28.4 2.64
PP2-2 5326 38.4 2.51
PP2-3 5252 44.8 2.73
PP4-1  532.6 47.4 -
PP4-2 5534 14.6 -
PP4-3  548.8 30.2 -
PP6-1  541.6 18.4 -
PP6-2 5294 41.6 -
PP6-3  539.6 34.4 -
PP8-1 540 24 -
PP8-2  536.4 30.6 -

PP8-3  530.4 49.6 -
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possible damage of the structure could occur due to spalling in the exposed area.
For this reason, the protection which prevented spalling on the concrete layer sur-
face is considered to be a satisfactory result. In the subsequent phase, a mechani-
cal test of the tensile and compressive strength was performed. According to [27]
we can observe that the variable value of mechanical properties depends on the
temperature reached. Thermal-graphic analysis (Fig. 16) was performed from the
measured temperatures. From these pictures, we can observe the part of beam
samples which showed an increase or decrease in mechanical properties. For
detailed measured values see Figs. 17 and 18

Figure 16 shows that the greater part of the samples achieved less tensile
strength due to the temperature increase. In the case of tensile strength, the tem-
perature range where the samples achieve higher values of tensile strength is nar-
rower than in the case of compressive strength [27]. The temperatures between
measured points were interpolated.
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Figure 16. Thermal-graphic analysis of experimental beam samples
PP4: (a) bending tensile strength; (b) compressive strength;
TC—position of thermocouple; blue color—strength value, where 100%
corresponds to strength at 20°C; red color—temperature reached;
(+)=—part of sample where the strength is higher than strength at
normal temperature; (- )—part of sample where the strength is lower
than strength at normal temperature (Color figure online).
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In Fig. 16 it is possible to see a decreasing trend of tensile strength compared to
the reference samples and samples exposed to eclevated temperatures. The same
trend is described in EN 1992-1-2, which also only considers the decrease of ten-
sile strength at elevated temperatures. On the other hand, there are several studies
which describe the behavior of HPC at elevated temperatures concerning the
change of mechanical properties. The increase of tensile strength occurs in the
interval between 100 and 370°C [27]. In this range of temperatures, we can moni-
tor the maximal increase of tensile strength around 15% at 220°C. However, when
the temperature interval is exceeded, there is a rapid decrease of tensile strength.
For the experimental samples, this interval was exceeded, and therefore the tensile
strength decreased compared to the reference samples. Measured temperatures
during fire experiment were around 247°C on the unexposed surface. Due to that,
the tensile strength of the samples was lower than tensile strength at normal tem-
peratures, because most of the samples exceeded 370°C (Fig. 16). Therefore the
result was that tensile strength decreased approx. by 31%. For the PP2-samples,
the setting of the load force was too fast, and the press software could not evalu-
ate the resulting bending tensile strength. Practically immediately, the sample
failed, and therefore these values are considered as zero.

For compressive strength, there is a similar trend in an increase of compressive
strength. In contrast to tensile strength, there is a different temperature interval
where the compressive strength increases. This interval is bordered by an upper
value of 500°C [27]. The fire exposure was not long enough to exceed this temper-
ature in the major part of the sample body. Therefore the result of compressive
strength is higher than the strength at a normal temperature approximately by
22%. This was likely achieved by hydration of the remaining cement particle cores
due to the evaporation of the free and partly also chemically bound water inside
the sample. Similar observations were made in [28-30].

4. Conclusion

The aim of this paper was to investigate the behavior of textile-reinforced concrete
(TRC) at elevated temperatures according to the standard temperature curve (ISO
834). Experiments were performed in a furnace for medium-scale fire experiments.
Experimental samples were made from high-performance concrete (HPC) with
tensile reinforcement by carbon fibers. These tensile reinforcements have a matrix
of an epoxy resin (ER). The samples had the shape of a small beam
(160 x 40 x 40 mm) and plate (100 x 360 x 18 mm), exposed on one side to the
elevated temperatures for 15 and 30 min. The next step was to compare the
change of mechanical properties in reference samples and samples exposed to ele-
vated temperatures. The compressive strength and bending tensile strength of
three- and four-point bending was investigated. In the first experimental part, an
indicative fire experiment was performed describing problematic areas of TRC in
the plate sample form. Spalling of concrete layers and loss of interaction between
materials due to the low temperature resistance of ER are the high-risk problem-
atic areas. In the second experimental part, experiments investigating solutions for
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improvement of elevated-temperature resistance were performed. These solutions
include the addition of polypropylene fibers (PP) to the concrete mixture.

The indicative fire experiment was performed as an informative experiment to
describe the problematic areas of the TRC structure with HPC. The experiment
revealed two basic problems. The first one was the high risk of spalling of con-
crete layers, where the whole covering layer of experimental samples spalled out in
samples without PP fibers. Due to the extent of damage, these samples could not
be further mechanically tested. The second one was the loss of interaction due to
the low temperature resistance of the ER. There was no spalling of concrete layers
in this series because 2 kg m™ of PP fibers was added according to [16]. There-
fore we were able to carry out the four-point bending test. From the mechanical
tests we consider that the ability of plate samples to transmit tensile tension is
completely lost (Fig. 14). During these tests, there was no progressive rupture as
in the reference samples, because the textile reinforcement was complete without
matrix, and the individual fibers of reinforcement mesh were pulled out. The inter-
action was lost due to the low temperature resistance of the ER. At the same
time, during the fire experiment it was possible to observe the formation of pores,
because the PP fibers burn out. After that, the products of thermal decomposition
of the ER burn on the surface of the sample (Fig. 13).

In the follow-up experiment, the optimal quantity of PP fibers was experimen-
tally verified. The criteria for determining the quantity of fibers were: the value of
spalling of concrete layers, change of the mechanical properties of the experimen-
tal samples and, finally, the economic advantage. The optimum amount of
4 kg m~ was experimentally established, where the spalling of concrete layers was
only in the local surface part of samples (Fig. 15). The samples were subjected to
mechanical testing according to [21, 22]. Following the performed studies [27, 31]
we saw a similar trend of tensile and compressive strength. In contrast to EN
1991-1-2, where only the decrease of tensile and compressive strength is consid-
ered, we observed an increase of compressive strength by approximately 22%, fol-
lowing the ISO 834 of 30 min. On the contrary, the tensile strength decreased by
approximately 30% more than the strength of the reference sample, because the
temperature interval where the strength increases is narrower than in the case of
compressive strength (Fig. 17, 18). However, in the case of tensile strength, which
is primarily transmitted by tensile reinforcement, an increase in compressive
strength 1s more important compared to the decrease in tensile strength.

For follow-up work, it would be particularly useful to investigate the behavior
of the ER at elevated temperatures. This may have the negative effect of unwan-
ted spalling of concrete layers due to ER evaporation and contributing to a pore
pressure increase in TRC construction elements. The choice of an ER with ele-
vated temperatures resistance could prevent this negative behavior. Another vari-
ant of TRC structure protection is the design of additional fire protection. For an
efficient design, it is necessary to perform a detailed temperature analysis and
describe the behavior of the individual components at the elevated temperatures
of materials from which is the TRC composed. At the same time we should
research more deeply the fact that the structures made of TRC with epoxy resin
matrix can burn on their surfaces. This fact can affect the application of these
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structures in civil engineering, because there may be requirements so that the
structure does not release heat. Therefore the amount of heat released should be
determined, for example, by calorimeter analysis.

Acknowledgements

This work has been supported by the Ministry of Education, Youth and Sports
under the National Sustainability Programme I, project No. LO1605.

1.

11.

12.

13.

14.

Kynclova M, Fiala C, Hajek P (2011) High performance concrete as a sustainable
material. Int J Sustain Build Technol Urban Dev 2:63-68. https://doi.org/10.5390/
SUSB.2011.2.1.063

. Laiblova L, Pesta J, Kumar A, Hajek P, Fiala C, Vlach T, Ko¢i V (2019) Environmen-

tal impact of textile reinforced concrete facades compared to conventional solu-
tions—LCA case study. Materials 12:3194. https://doi.org/10.3390/ma12193194

. Portal NW (2015) Usability of textile reinforced concrete: structural performance.

Durab Sustain 3914:130

. Portal NW, Lundgren K, Wallbaum H, Malaga K (2015) Sustainable potential of tex-

tile-reinforced concrete. J Mater Civ Eng 27:04014207. https://doi.org/10.1061/
(ASCE)MT.1943-5533.0001160

. Tysmans T, Adriaenssens S, Wastiels J, Remy O (2011) Textile reinforced cement com-

posites for the design of very thin saddle shells: a case study 6

. Walraven JStoelhorst D( (2008) Tailor made concrete structures: new solutions for our

society (Abstracts Book 314 pages + CD-ROM full papers 1196 pages). CRC Press,
Boca Raton. 10.1201/9781439828410

. Kulas C (2015) Actual applications and potential of textile-reinforced concrete
. Laiblova L, Vlach T, Zenisek M, Repka J, Hajek P (2018) Lightweight TRC facade

panels with the LEDs. Key Eng Mater 760:141-146. https://doi.org/10.4028/www.scien-
tific.net/ KEM.760.141

. Solidian (2018) Leading in construction with non-metallic reinforcement
. Hegger J, Will N, Bruckermann O, Voss S (2006) Load—bearing behaviour and simula-

tion of textile reinforced concrete. Mater Struct 39:765-776. https://doi.org/10.1617/
s11527-005-9039-y

Hegger J, Voss S (2008) Investigations on the bearing behaviour and application poten-
tial of textile reinforced concrete. Eng Struct 30:2050-2056. https://doi.org/10.1016/
j-engstruct.2008.01.006

Reinhard HW, Kruger M, Raupach M (2008) Behavior of textile-reinforced concrete in
fire. ACI Spec Publ, SP250, 99-100

Buttner RM, Orlowsky J, Raupach M (2014) Fire resistance tests of textile reinforced
concrete under static loading—results and future developments. In: Fifth international
RILEM workshop high perform. Fiber Reinforced Cement Composites HPFRCC5
Fiirst R (2019) Fire specifics of building load—bearing structures of textile reinforced
concrete (Diploma thesis). CTU in Prague, Prague



74

15.

16.

17.

18.

19.

Fire Technology 2022

Kapsalis P, Tysmans T, Verbruggen S, Triantafillou T (2018) Preliminary high-tempera-
ture tests of textile reinforced concrete (TRC). In: Proceedings, vol 2, p 522. https://doi.
org/10.3390/ICEM 18-05416

EN 1992-1-2—Eurocode 2: design of concrete structures—part 1-2: general
rules—structural fire design, 2006

EN 1992-1-1: Eurocode 2: design of concrete structures—part 1-1: general reles and
rules for buildings, 2006

Isayev AI( (2016) Encyclopedia of polymer blends. Volume 3: structure. Wiley-VCH,
Weinheim

Aitcin P-C (2005) Ceska komora autorizovanych inzenyri a technikd ¢innych ve

vystavbe, Ceska betonaiska spole¢nost, 2005. High Performance Concrete. Pro
Ceskou komoru autorizovanych inzenyri a techniki Cinnych ve vystavbe
(CKAIT) a Ceskou betonarskou spolecnost vydalo Informacéni centrum CKAIT,
Prague

20.

21.

22.

23.

24.
25.

26.

27.

28.
29.

30.

31.

MasterFiber 012, Technical data sheet: Monofilament fibre to prevent cracks on the
concrete surface due to plastic shrinkage and settling [WWW Document], 2017. BASF.
https://assets.master-builders-solutions.basf.com/cs-cz/basf-masterfiber%20012-tl.pdf?
hstc= 829422 .9ef1a35fe0d1675bce73e857272c¢47df.1589198101020.1589198101020.158919
8101020.1&__hssc=2829422.3.1589198101020& _ hsfp=4227766293. Accessed 18 Mar
2020

EN 12390-3: Testing hardened concrete—part 3: compressive strength of test specimens,
2009

EN 12390-5: Testing hardened concrete—part 5: flexural strength of test specimens.
B.m, 2009

Vlach T (2013) Adhesion of carbon and basalt composite reinforcement with UHPC
(Diploma thesis). CTU in Prague, Prague

Technical data sheet: Solidian GRID Q142/142-CCE-25, 2018

EN 12390-2: Testing hardened concrete—part 2: making and curing specimens for
strength tests, 2019

Rabinovich SG (2010) Measurement errors und uncertainties: theory and practice. AIP
Press, Springer, New York

Drzymata T, Jackiewicz-Rek W, Tomaszewski M, Kus§ A, Gataj J, éukys R (2017) Ef-
fects of high temperature on the properties of high performance concrete (HPC). Proce-
dia Eng 172:256-263. https://doi.org/10.1016/j.proeng.2017.02.108

Kupilik V (2006) Stavebni konstrukce z pozarniho hlediska. Grada, Praha

Khouri GA, Anderberg Y, Both K, Fellinger J, Majorana C, Hgj NP (2007) fib Bul-
letin 38. Fire design of concrete structures, fib Bulletins. fib. The International Federa-
tion for Structural Concrete. https://doi.org/10.35789/fib.BULL.0038

Naus DJ (2006) The effect of elevated temperature on concrete materials and struc-
tures—a literature review. (No. ORNL/TM-2005/553, 974590). https://doi.org/10.2172/9
74590

Kupilik V (2009) Fire protection of construction. Hungary

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.



PAPER 111

Use of Cement Suspension as an Alternative Matrix Material for

Authors:

Journal:
Publisher:

Volume and number:

Year of publication:
Number of pages:
DOl:

Textile-Reinforced Concrete

Richard Fiirst, Eliska Fiirst, Tomas Vlach, Jakub Repka,
Vladimir Mozer

Materials

MDPI

14/9

2021

18

10.3390/ma14092127






o

materials

=
o &
&St m'\"\"y
Article

Use of Cement Suspension as an Alternative Matrix Material
for Textile-Reinforced Concrete

Richard Fiirst 1-23*0, Eliska Fiirst #5©), Tomas Vlach 2-°®, Jakub Repka 2,6(0), Marek Pokorny 1.2

and Vladimir Mézer 12

check for

updates
Citation: Fiirst, R,; Fiirst, E.; Vlach,
T; f{epka, J.; Pokorny, M.; Mozer, V.
Use of Cement Suspension as an
Alternative Matrix Material for
Textile-Reinforced Concrete. Materials
2021, 14, 2127. https://doi.org/
10.3390/ma14092127

Academic Editor: Dario De Domenico

Received: 15 March 2021
Accepted: 20 April 2021
Published: 22 April 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Fire Laboratory, University Centre for Energy Efficient Buildings of Czech Technical University in Prague,
T¥inecka 1024, 273 43 Bustéhrad, Czech Republic; marek.pokorny@cvut.cz (M.P.);
vladimir.mozer@cvut.cz (V.M.)

Faculty of Civil Engineering, Czech Technical University in Prague, 166 29 Prague 6, Czech Republic;
tomas.vlach@cvut.cz (T.V.); jakub.repka@cvut.cz (J.R)

Federal Institute for Materials Research and Testing (BAM), Division 7.3-Fire Engineering,

Unter den Eichen 87, 12205 Berlin, Germany

Institute of Organic Chemistry and Biochemistry of the Czech Academy of Sciences, Flemingovo n. 2,
16610 Prague 6, Czech Republic; eliska.fuerst@mdc-berlin.de

Allosteric Proteomics, Max Delbriick Center for Molecular Medicine, Robert-Rossle StrafSe 10,

13125 Berlin, Germany

Laboratory of Composite Structures, University Centre for Energy Efficient Buildings of Czech Technical
University in Prague, Ttinecka 1024, 273 43 Bustéhrad, Czech Republic

*  Correspondence: Richard.furst@cvut.cz; Tel.: +49-30-8104-4775

Abstract: Textile-reinforced concrete (TRC) is a material consisting of high-performance concrete
(HPC) and tensile reinforcement comprised of carbon roving with epoxy resin matrix. However, the
problem of low epoxy resin resistance at higher temperatures persists. In this work, an alternative
to the epoxy resin matrix, a non-combustible cement suspension (cement milk) which has proven
stability at elevated temperatures, was evaluated. In the first part of the work, microscopic research
was carried out to determine the distribution of particle sizes in the cement suspension. Subsequently,
five series of plate samples differing in the type of cement and the method of textile reinforcement
saturation were designed and prepared. Mechanical experiments (four-point bending tests) were
carried out to verify the properties of each sample type. It was found that the highest efficiency of
carbon roving saturation was achieved by using finer ground cement (CEM 52.5) and the pressure
saturation method. Moreover, this solution also exhibited the best results in the four-point bending
test. Finally, the use of CEM 52.5 in the cement matrix appears to be a feasible variant for TRC
constructions that could overcome problems with its low temperature resistance.

Keywords: textile-reinforced concrete; non-combustibility; cohesion; high-performance concrete;
carbon fibers; cement matrix

1. Introduction

Textile-reinforced concrete (TRC) is a construction material currently used for non-load
bearing structures [1-5] and facade panels, but it could potentially be used in load-bearing
construction elements [6,7]. In load-bearing structures, marginal TRC application issues
arise from the ability to withstand high temperatures during fire. In previous work the
main weakness of TRC was identified as the behavior of the homogenized carbon-fiber rein-
forcement with epoxy resin matrix at elevated temperatures [8,9]. Fire experiments showed
that the load-bearing capacity of TRC at elevated temperatures depends on the interaction
between the textile reinforcement and high-performance concrete (HPC). Since epoxy resins
used in this variant of TRC have low resistance to higher temperatures [10-13], this study
focused on the identification of an alternative available material for the homogenization of
textile reinforcement before installation in concrete.
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The traditional variant of carbon TRC is composed of impregnated carbon roving
HPC with a synthetic resin matrix [14]. By replacing the steel reinforcing elements (rebars,
wires etc.) of standard reinforced concrete structures with impregnated carbon roving,
corrosion protection is not required and the covering layer can be significantly reduced.
The combination of HPC with carbon-fiber reinforcement allows for subtler structural
elements. A cross-section indicating general composition of a TRC structure, a hollow
column, is shown in Figure 1.

High performance concrete Surface treatment by

- fine silica sand
Position of additional B amerspace
reinforcement Y I N
¢.g. FRP rebars l “\
[ Detail of textile reinforcement
| -l in a reference structure
\
\ .
Position of textile \ < Covering layer
reinforcement ~ - Thickness $-10 mm Fully saturated textile

reinforcement by epoxy resin

Figure 1. Composition of a TRC structural column.

Carbon-fiber roving impregnation brings higher load-bearing capacity due to the
increased tensile load distribution across the entire cross-section of the carbon fiber strand.
The epoxy resin which is used as impregnation material, however, increases the brittle-
ness of the composite. Synthetic-based materials are increasingly being used in modern
construction, often in the form of synthetic epoxy resins and adhesives. However, in
load-bearing structures, this material can negatively affect their mechanical properties from
the fire safety perspective. For these structures, it is necessary to determine their behavior
at elevated temperatures, and identify appropriate protective measures based on these
findings. In composite structures, their load-bearing capacity depends on the interaction
between the synthetic materials and textile reinforcement.

In general, the synthetic resins consist of a two-component resin and a hardener.
According to the specified preparation instructions, resins change their structure from a
free molecular arrangement to a stable, crosslinked mesh-state. After crosslinking, the
epoxy resin acquires its final mechanical properties. This process is called curing (Figure 2).
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Figure 2. Diagram of a resin hardening process.

The standard hardening process includes elevated pressure and temperature, or a
combination thereof, for a prescribed time. The specific method depends on the selected
product. For some types of resins e.g., [15], better mechanical properties or higher tem-
perature resistance are achieved through a slower and longer hardening process. These
properties also depend on the molecular weight, the distribution of the macromolecules in
the resin, and the phase state, among others [10]. It is necessary to consider the method
of the hardening process. For example, in the production of TRC, it is not possible to use
resins with higher temperature resistance, because the process of hardening would be
overly complicated and financially demanding [16].
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Another example of epoxy resin use is found in carbon lamellas, in the form of the
additional external tensile reinforcement of existing structures. Without additional fire
protection, the lamellas would achieve practically zero fire resistance, and the affected struc-
ture would be significantly weakened. In this case, it is relatively easy to design additional
protection against elevated temperature, e.g., from board materials (Figure 3) [17].

Primary construction
clement Epoxy resin layer

Mechanical fixation Board protection material CFRP lamellas
Figure 3. Protection of CFRP (Carbon-fiber-reinforced polymer) lamellas against elevated tempera-
ture in epoxy resin layers by board material.

An additional possible application of epoxy resins in concrete structures could be in
the reparation of damaged concrete structures [18], the modification of concrete surfaces,
and the elimination of cracks on concrete surfaces [19]. The other possibility of using
synthetic resins is in the improvement of mortar-based building materials [20].

A problem occurs when TRC is considered as a material for potential use in load-
bearing constructions. From the perspective of fire protection, textile reinforcement is a
combination of materials in which the loss of interaction between the materials is prob-
able. Synthetic resins play a crucial role in TRC by redistributing tension to the entire
strand of textile reinforcement. When the temperature rises to the synthetic resin glazing
temperature, a massive increase in deformation, decrease in modulus of elasticity, and
loss of interaction occurs. Several studies at elevated temperatures have dealt with the
subject of textile-reinforced concrete [21]. In general, it can be considered that synthetic
resins are advantageous for the tensile reinforcement matrix because their homogeneous
structure allows for the full saturation of the textile reinforcement. At the same time, resins
provide additional protection against mechanical damage during production and from
atmospheric corrosion [22]. However, the wider use of these structures can be affected by
their instability at elevated temperatures. The use of synthetic resins in the production of
TRC is currently satisfactory at room temperatures, where an excellent interaction between
the materials is achieved. The protection of TRC against loss of interaction is possible
either by additional fire protection, as in the case of carbon lamellas, or by the design of a
matrix material with sufficient temperature resistance higher than 700 °C. However, the
advantage of not using additional fire protection is maintaining the subtle character of the
TRC structure and its high visual quality.

Considering all these problematic areas of TRC with an epoxy resin matrix at ele-
vated temperatures, an alternative material solution was sought to potentially substitute
flammable epoxy resin, as it has been shown that this component contributes to the devel-
opment of fire [8,23].

In reaction to the temperature instability of an organic matrix, several studies are
examining how to replace the flammable organic matrix of textile reinforcement. One
possible variant is to use textile fibers as a reinforcement layer in the mortar, which improves
the mechanical properties of masonry [24]. Other studies investigated the influence of
the inorganic matrix materials on the mechanical properties if textile reinforcement while
using materials such as SiO,, nano-silica, or micro-silica [25-28]. Simultaneously, cement
suspensions and cement mixtures are also used. In the case of cement mixture for the
impregnation of textile reinforcement, the combination of cement, micro silica, plasticizer,
and water has been discussed [29]. In a study describing mechanical properties with
impregnation of glass textile reinforcement, cement suspension with cement CEM 42,5 was
used [30]. All these studies describe improvements to the mechanical properties of textile
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reinforcements, and explain the influence of particle size on the depth of impregnation, but
these studies dealt mainly with glass reinforcement. However, it is necessary to consider
which types of textile reinforcement are more beneficial. Therefore, it is advisable to
investigate the matrix alternative with carbon fiber because, in contrast with the individual
glass fiber filaments, the carbons filaments are half the size [31].

Based on the mechanical properties and mechanical parameters (especially the size of
the individual carbon filaments), it is appropriate to determine how these materials could
be used with cement suspension impregnation. For this reason, a series of experiments
have been proposed to verify the behavior of commonly available types of cement, as an
obtainable and common material, in impregnating carbon reinforcement with the most
straightforward possible application.

This solution would eliminate the low resistance of TRC structures to elevated tem-
peratures [29]. On the other hand, a problem in the curing process could emerge. The
size of the cement particles in the cement suspension is larger than the size of filaments in
the carbon roving. The distribution of the cement particle size in cement generally ranges
from 8 to 40 pm [32,33]. These particles might not penetrate the deeper layers of textile
reinforcement, and the required interaction between the textile reinforcement and HPC
may not occur (Figure 4).
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Figure 4. Scheme of carbon roving with cement suspension.

The TRC presented in this paper was developed at the Faculty of Civil Engineering,
Czech Technical University (CTU), in Prague, and at the University Centre for Energy
Efficient Buildings (UCEEB), CTU, in Prague. Following the development of this material,
an alternative matrix of textile reinforcement was projected to verify this solution and
evaluate the possibility of future use of cement suspension as an alternative material for
textile reinforcement.

This work focuses on an alternative textile reinforcement matrix material because,
from the viewpoint of fire protection, an epoxy resin matrix could theoretically lead to the
collapse of an entire TRC construction [12,34,35]. Therefore, a cement suspension matrix
was proposed which eliminates all flammable components of this composite material.
Various methods of cement suspension application and depth of textile reinforcement
saturation were investigated, based on the cement type. Mechanical properties were
determined by four-point bending test and compared with traditional TRC samples with
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an epoxy-resin matrix, which served as a positive control of the full-roving saturation.
These tests were conducted at standard temperatures. Different cement types were also
investigated from the viewpoint of cement particle distribution.

2. Materials and Methods
2.1. High-Performance Concrete Mixture

The HPC mixture used for the preparation of experimental samples was prepared
according to Table 1. This HPC mixture was developed at the Czech Technical University
in Prague, Czech Republic. By following the prescribed procedure, this material can reach
a compressive strength of about 140.5 MPa according to [36], a tensile strength of 15.4 MPa
according to [37], and a modulus of elasticity value of about 49.5 GPa [4].

Table 1. HPC component mixture of [4].

Mixture Components Quantity
kgm—3
CEMT1425R 680
Silica sand 960
Silica flour (ground quartz) 325
Silica fume (microsilica) 175
Superplasticizer 29
Water 171
Total 2420

2.2. Textile Tensile Reinforcement

The carbon roving used for tensile reinforcement was developed by the Tenax company
(Vigano (LC), Italy) as a commercially available product named Tenax STS40 F13 24K
1600tex. The material properties of the carbon roving are described in Table 2. Two types
of cement were used for the subsequent saturation of the textile reinforcement: specifically,
CEM 42.5 R and CEM 52.5 R.

Table 2. Material data of carbon roving [31].

Material Properties Value Units
Sizing properties F13 -
Number of filaments 24000 -
Nominal linear density 1600 tex
Filament diameter 7.0 pm
Density 1.77 g -cm™3
Tensile properties
Tensile strength 4000.0 MPa
Modulus of elasticity 240.0 GPa

2.3. Geometry of Experimental Samples

For the mechanical experiment, the experimental sample parameters were chosen
according to [37,38], with modified specimen height. The distance between the centers
of support was standard for a four-point bending test: 300 mm and 100 mm between
loading support centers. The experimental plate samples were designed with dimensions
of 100 mm x 360 mm x 18 mm and provided with two layers of textile reinforcement.
The upper layer of reinforcement mesh was used only for construction reasons. Thus,
only the reinforcement on the bottom bend side was considered as the primary tensile
reinforcement. In a real construction, specimens are logically able to transmit a bend
loading in both directions. The dimensions of the experimental sample and positions of its
reinforcement mesh are depicted in Figure 5. These experimental sample shapes and sizes
was also chosen based on their suitability for the subsequent verification of mechanical
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properties in four-point bending tests. The thickness of the sample was adjusted to the
approximate thickness of the TRC in real applications, and was also based on previous
experiments [39,40]. Then, it was possible to compare the results. The bending moment
in between the loading supports was constant. This was the monitored area where the
cracks development and the collapse of the sample occurred. The mechanical-resistance
experiments were conducted at standard (room) temperature.

Construction reinforcement layer
360 Y

¥
1

Main carbon mesh tensile
reinforcement

(a)

Construction reinforcement layer

Main carbon mesh tensile
reinforcement

(b)

Figure 5. Description of the experimental sample and position of reinforcement mesh (unit: mm):
(a) Plan view of the experimental sample; (b) Cross-section of the experimental sample.

In the first part of sample manufacturing, the rovings were saturated using the meth-
ods described in Table 3. After curing, they were fixed in silicon form and placed into
a concrete beam with a length of 100 mm and cross-section area of 8 mm x 8 mm. This
process minimalized the risk of damaging the saturated fibers during cutting. These
beam samples could be then cut without fiber breakage or defibration, and subjected to
microscopy analysis. The geometry of experimental sample is displayed in Figure 6.

Table 3. Variants of experimental samples.

Description of Samples Type of Saturation

Experimental samples saturated with CEM

A 42.5 R—pressure saturation.
B Experimental samples saturated with CEM
52.5 R—-pressure saturation.

C Experimental samples saturated with CEM
42.5 R-surface saturation by a roller.

D Experimental samples saturated with CEM
52.5 R—surface saturation by a roller.

E Experimental samples without any saturation.

Reference samples with epoxy resin
matrix—surface saturation by a roller.
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Position of saturated carbon roving
In the central axis of the beam

100

Figure 6. Description of the beam sample with the position of the saturated roving (unit: mm).

2.4. Microscopy

CEM 42.5 R and CEM 52.5 R samples were weighed on analytical scales and supple-
mented with water so that both suspensions contained the same quantity of particles in the
specified volume. From both samples, 50 uL of suspension were taken and analyzed on a
Zeiss LSM 780 (Carl Zeiss AG, Oberkochen, Germany) confocal microscope using the basic
optical microscope settings and 100 x magnification. The microscope photographs were
analyzed using Cell Profiler 4.0.4. All analyzed samples were taken from three independent
replicates for each type of cement suspension.

Images of beam samples were taken with a Canon EOS 5D Mark II camera (Canon
Inc, Ota, Japan) and the saturation depth was further analyzed using Image], version 1.8.0.

2.5. Preparations of Experimental Samples

The development of the experimental samples comprised of textile reinforcement
saturation in tension frames, preparation of production forms with the required size, and
conditioning. Altogether, six experimental sample variants were developed in triplicate.
Each sample was labelled with a serial letter (A-E) and a sample number (1-3) (Table 3).

The experimental samples of series A and B were saturated under pressure to achieve
a deeper saturation of the carbon filaments. The process of saturation under increased
pressure was further enhanced by the application of a significantly excessive amount of
cement suspension, which was mechanically pressed into the roving. During this process,
the impregnated fibers were at the same time tensioned on a tension frame and left to
harden to form a solid reinforcing mesh.

In the samples of series C and D, the carbon fibers were tensioned on a tension frame.
The layer of cement suspension was subsequently applied by using a roller. The fibers were
tensioned on a tension frame in two layers. In the first layer, all the rovings were positioned
in a longitudinal direction; and in a transverse direction in the second layer. In this case,
the joints of the fibers occurred only at the fiber overlaps. However, according to [41], these
joints do not affect the resulting tensile strength. The final form of the reinforcement mesh
was completed with a 25 mm distance between the fibers. The final reinforcement mesh
with hardened cement layers and the method of forming are described in Figure 7.

- -
Longitudinal roving
’ Z top
®

7

»

. . ’ .
Transverse roving
bottom

(a)

Figure 7. Cont.
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Figure 7. Preparation of reinforcement mesh: (a) Method of carbon mesh preparation (unit: mm);
(b) Mesh from carbon roving saturated with cement suspension-surface application by roller (from
left): CEM 42.5 R, CEM 52.5 R.

Each experimental sample was conditioned for 28 days in a lime-water bath [37].
The beam samples were cut at one third of length and visually analyzed as described in
Section 2.4, for the evaluation of the overall depth and percentage of saturation (Figure 8).

Concrete part of sample

Cross section A Cross section B 100%8x8 mm?
T | e
\/ 1 | _Unsaturated part of
ey dmaei asslrpecedte carbon roving
100%8%8 mm* Saturated part of
carbon roving
3 } R Ix] 173
(@) (b)

Figure 8. Experimental beam samples: (a) Scheme of experimental samples with cross-section
position; (b) Method of the saturation depth evaluation.

2.6. Statistical Data Analysis

For the statistical evaluation of the saturation depth data (Figure 12), the so-called
expanded uncertainty coefficient k,, = 2.0 (interval 95% of the contained values) was used.
In other statistical assessments, outliers were not considered. Values outside the 90%
quantile range (10% of outlying values from top and bottom) were considered as outliers.
For the statistical evaluation of cement particles distribution, a Student’s t-test was used.
All statistical analyses were performed in GraphPad Prism, version 8.0, and MS Excel, 2019.
The four-point bending tests were performed in a Galbadini Quasar at 10 kN. According
to device technical sheet, the measurement accuracy was +1% (accuracy class 1) from the
maximal load-cell value, in accordance with EN ISO 7500/1.

3. Results
3.1. Particle Size Distribution in Cement Suspension

In the first part of the assessment, cement particles were imaged using confocal
microscopy. The distribution and size of the CEM 42.5 R and CEM 52.5 R particles were
compared. Overall, 30 microscope photographs from three independent samples for each
cement type were analyzed and mutually adjusted based on the numbers of analyzed
particles, so that both examined samples contained the same number of particles (in total
more than 20,000). From the microscope photographs (Figure 9), it is clear that CEM
52.5 R had overall better distribution in cement suspension, while CEM 42.5 R contained
more particles bound together in the so-called floccules, which may cause a problem of
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insufficient carbon filament saturation (3.2). Moreover, the size distribution of cement
particles differed for the two types of cement. CEM 52.5 R had a median of a particle size
301.5 um? (corresponding to the mean value of one-side length of 9.8 um), while the median
of the particle size in CEM 42.5 R was 397.8 um? (which was 11.3 um in length). These
measurements also correspond to the findings mentioned in [42]. When also considering
the formation of floccules in CEM 42.5 R, the results indicate an overall poorer probability
of deep carbon fibers saturation. From the frequency distribution chart in Figure 10, it
follows that not only the median size of particles, but also the number of larger particles
overall was less in CEM 52.5 R than in CEM 42.5 R (p < 0.0001).

Figure 9. Microscope pictures of cement suspension: (a) CEM 42.5 R; (b) CEM 52.5 R.

%k %k %k
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[
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particle size (umz)

Figure 10. Comparison of size and distribution of cement particles in cement suspensions. A Stu-
dent’s t test was used for statistical testing; *** p < 0.001.
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3.2. Saturation Depth of Beam Samples

Next, the hypothesis that the penetration of carbon roving strongly depends on cement
type and saturation method was tested. An identical series of samples (A-E) was produced
as described in Table 3, but in the shape of beam samples (Figure 6). The beams were cut in
three parts. On each cross-section cut, the depth of saturation was measured (Figure 8).

The reason for using two different types of cement was to determine the effect of
particle size on roving saturation depth. In the case of the epoxy resin matrix, the fibers
were fully saturated by penetration from the surface (application by a roller). This was
caused by the homogeneous structure of the resin. Two cement types with an overall higher
quantity of small particles were chosen: CEM 52.5 R and CEM 42.5 R. As anticipated, the
smaller cement particles could penetrate deeper and achieve a better interaction between
the HPC and the tensile reinforcement. The white variant of CEM 52.5 R was chosen
because of the easier subsequent identification of the saturation depth.

It is apparent from the photographs, when comparing the different methods of satura-
tion and different types of cement, that the best results were obtained in the series A and
B samples (pressure saturation method). Greater saturation depth was reached in series
B samples, supporting the hypothesis that smaller particles penetrate the roving better.
Detailed images of all beam samples are provided in Figure 11.

Unfortunately, after the hardening of the concrete mixture in sample E (natural pene-
tration of cement suspension from the wet concrete mixture), it turned out that the number
of cement particles penetrating the beam core was not sufficient (Figure 11). Most of the
concrete mixture particles were only on the surface of the carbon roving, and the saturation
was inadequate. The reason for the poor saturation of the carbon fibers with concrete
mixture was the size of the particles in the mixture. Generally, the particle size median was
approximately 9 um (CEM 52.5 R) and 12 um (CEM 42.5 R) (Figure 10). Due to the size of
each carbon roving filament (7-10 um), the cement mixture particles could not reach the
core of the carbon roving. Therefore, there was not enough of the cement material in the
core of the carbon roving, and the filaments were not fully activated.

A detailed chart of the average percent and saturation depth values is provided in
Figure 12. It is obvious that the most effective method of saturation of textile reinforce-
ment was pressure impregnation with cement suspension in CEM 52.5 R. A microscopy
investigation determined that both the size of cement particles and the method of pressure
saturation increased the saturation by 22% over that of cement CEM 42.5 R. In contrast, the
increase in saturation between experimental samples C and D was only 9%. The type of
cement used has an influence on the saturation depth (um) in both methods of saturation.
CEM 52.5 R was about 2.3 times better than CEM 42.5 R regarding saturation depth.

Figure 11. Cont.
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Figure 11. Cross-sections of beam samples. Left panels: whole cross-section area of beam sample.
Right panels: detailed view of the cross-section area with the saturated part of the carbon roving in
red and the non-saturated carbon roving in yellow: (a) Experimental series A—pressure saturation
CEM 42.5 R; (b) Experimental series B—pressure saturation CEM 52.5 R; (c¢) Experimental series
C—surface saturation by a roller CEM 42.5 R; (d) Experimental series D—surface saturation by a
roller CEM 52.5 R; (e) Experimental series E—without saturation.
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Figure 12. Evaluation of microscopic research of textile reinforcement saturation: (a) Fiber saturation expressed as a

percentage; (b) Average depth of textile reinforcement saturation. Legend: Samples A—Experimental samples saturated

with CEM 42.5 R using pressure saturation; Samples B—Experimental samples saturated with CEM 52.5 R using pressure

saturation; Samples C—Experimental samples saturated with CEM 42.5 R using surface saturation by a roller; Samples

D—Experimental samples saturated with CEM 52.5 R using surface saturation by a roller; Samples E—Experimental

samples without saturation.

3.3. Four-Point Bending Tests

The mechanical test evaluation focused on verifying the influence of the cement sus-
pension on performance by means of bending tests under four-point bending at normal
temperature, according to [37]. As a reference, plate samples with an epoxy resin textile
reinforcement matrix were used. The mechanical tests were terminated when the experi-
mental sample was broken or when the trend of increasing values measured was stabilized.
The four-point bending test was performed with a controlled constant load speed of 2.0 mm
per minute.

From the following charts (Figure 13) it is evident that the first crack occurred in the
interval from 1.1 to 1.6 kN. This value represents the tensile strength of the concrete part of
the experimental sample. The course of behavior after the development of the first crack
is essential, because it was found that the experimental sample (Figure 13b) is capable of
further transmitting the tensile force. In the reference samples, there was evidence that
after the first crack arose the force was still being transmitted to the tensile reinforcement
before its tensile strength was exceeded. Subsequent progressive breakage of the sample
was observed after exceeding approximately 4.7 kN.

In contrast, the other tested samples did not exceed the tensile strength and did not
break. Samples of the A and B series showed a demonstrable reinforcement—concrete
interaction, and the specimen retained the ability to at least partially transmit the bending
force. The maximum achieved force of the A and B samples was only 28% of the capacity
of the reference samples. The decreasing course of the force measured in samples of the A
and B series began in the interval between 4-5 mm displacement, with the average force
reaching 1.62 kN for series A and 1.63 kN for series B. However, only sample A3 from
series A reached considerably higher values than the other samples from this series. After
excluding sample A3, an average value of 1.35 kN was obtained. Nevertheless, series B
was considered to be significant, as there was no considerable variance of the measured
values, as was the case in series A.
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Figure 13. Measured data from four-point bending test: (a) Reference samples; (b) Comparison of
sample series A and B.

During the mechanical tests, only one crack developed under the load support (sam-
ples C-E). In the reference samples, it was possible to observe a break of the sample, but in
the rest of experimental samples (A-E series) the break did not occur because the tensile
strength of the textile reinforcement was not exceeded. The formation of further cracks in
the experimental samples was not observed, presumably because of the size and speed of
crack development. Due to the increased deformation, the fibers of the textile reinforcement
began to be pulled out from the sample (Figure 14).
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g 1000 ==+ Sample D2
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Displacement [mm]

Figure 14. Course of values measured on samples from the C, D (surface saturation by a roller), and
E (without any saturation) series.

4. Discussion

In a previous study, the main problematic properties of textile-reinforced concrete
were described [8]. Although epoxy resin is an excellent material in the function of textile
reinforcement matrix, its low resistance to elevated temperatures is problematic from the
perspective of fire safety. Therefore, an alternative non-combustible matrix material that
would naturally overcome the problem of low resistance at elevated temperatures was
examined. A cement suspension matrix was used to verify its effect on the mechanical
properties of the experimental samples at normal room temperature (20 °C). The mechanical
properties measured in these samples were compared to values obtained from previous
experiments and reference samples (Figure 13). Experimental samples in this work were
made from high-performance concrete (HPC) with tensile reinforcement from carbon fibers.

In this study, the influence of the type of cement in the cement suspension as well
as the type of textile reinforcement saturation procedure on the mechanical properties
was examined. The saturation was performed in two different ways. The first method
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was mechanical pressure saturation (series A and B). The second was surface saturation
using a roller (series C and D). The same procedure was performed with the epoxy resin
matrix (reference series Epoxy 1, 2 and 3). Series E was developed as the negative control
without any matrix, where additional saturation of the concrete mixture was not applied.
Some minor penetration of the cement suspension from the wet concrete mixture was,
however, present. Based on the literature and material review, it was suggested that
the problem of insufficient saturation could have occurred because of the size of cement
particles [43]. The standard type of cement consists mainly of particles whose size is
generally larger than each carbon filament of the textile roving (>7 pum). Therefore, a
microscopy examination describing the distribution of the size of the cement particles in
the suspension was carried out. This showed that the CEM 52.5 R had the dominant share
of cement particles smaller than those of CEM 42.5 R (Figure 10). Also, the number of
larger particles (whose area was larger than 1000 um?) was greater in CEM 42.5 R. All
these findings led to the conclusion that CEM 52.5 R should have had better performance
in the subsequent mechanical experiments, because of the higher probability of achieving
a deeper saturation of the textile reinforcement. However, it is necessary to consider
the real quantity of saturated filaments in the carbon roving. There is a possibility that,
although the depth of saturation may be sufficient, the risk (mainly in CEM 52.5 R) of
carbon filament swelling endures. The increase of filament diameter can be interpreted
wrongly as deep saturation when only a small quantity of filaments have actually been
activated for interaction. The dependence of the mechanical performance on the extent of
saturation was confirmed in the mechanical tests, where the B samples demonstrated the
best load capacity.

Four types of reinforcement mesh were prepared by using a different cement type in
the cement suspension and a different method of saturation. Two types of experimental
samples were developed, plate (100 mm x 360 mm X 18 mm) and beam (8 mm x 8 mm
x 100 mm). The plate samples were used for the four-point bending tests while the beam
samples were used for the evaluation of the saturation depth. As expected, a deeper
saturation of the textile reinforcement was achieved using CEM 52.5 R. For experimental
samples of the B series, the average saturation reached 67%. In contrast, series A reached
an average saturation of only 45%. The other experimental samples exhibited significantly
lower depth of saturation, e.g., in series C it was 36%, series D 46%, and in series E (lowest
percent saturation caused by migration from the concrete mixture), only 17%. It should be
pointed out that the method of application of the cement suspension was found to have a
significant impact on saturation. The difference in saturation between series A and B was
21%; between C and D, it was 9%. This means that the influence of cement particle size is
important in a case when the small particles are mechanically pressurized into the textile
reinforcement. Using this method, the best overall results were achieved. With surface
application using a roller, there was no significant difference in the depth of saturation
between CEM 42.5 R and CEM 52.5 R.

After this evaluation, experimental samples were prepared for the comparison of the
influence of saturation on bending capacity. The assessment of each experimental sample
was divided into two parts. The first part of the assessment was before the first crack
formation (where the tensile strength of the concrete was exceeded) and the second one
was after the crack had occurred. However, the second part was essential for the evaluation,
because it was possible to observe whether there was an interaction between the materials.
In the E series samples (without additional cement impregnation) there was the lowest
saturation of textile reinforcement (due to the larger particle size in the concrete mixture)
and after the development of the first crack, there was no interaction between the materials.
Insufficient interaction led to the lack of tensile load transmission to the carbon-fiber
reinforcement. By contrast, for the C and D series, the cement suspension formed a layer on
the surface of the textile fibers after penetration. After that, this hardened layer prevented
the penetration of the concrete mixture into the textile reinforcement. Therefore, in series
C and D, it was not possible to achieve good adhesion between the textile reinforcement
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and concrete, as only the surface application method was used. During the mechanical test,
the thickness of the hardened suspension layer could not transfer the tensile stress to the
tensile reinforcement.

Therefore, even in samples C and D, the interaction between the materials was not
sufficient. Only in the series A and B samples was there sufficient saturation of the textile
reinforcement. It was found that in a pressure saturation, the concrete mixture did not
penetrate all the layers of textile reinforcement to a full extent. Nevertheless, the depth
of impregnation was enough to cause sufficient interaction (load transfer) between the
materials. As shown in Figure 11, it was possible to observe an increasing trend of the load
curve in the A and B series after the formation of the first crack. This confirmed the similar
trend of the particle size in the impregnation mixture, which was described on glass fibers
in [24-29].

For the reasons described above, textile reinforcement saturation with CEM 52.5 R
proves to be a possible variant usable for replacing the combustible synthetic matrix of
textile concrete. When the reference samples and series B samples were compared, it was
clear that the series B samples achieved approximately 30% efficiency of loading capacity
(Figure 15). However, there could be a theoretical possibility to reach a loading capacity
near to 100% by using more tensile reinforcement. It is evident from the mechanical test
results (Figure 14) that the B series samples showed a similar trend of bending capacity
increase, mainly in the initial phases of crack development, as has been shown in reference
samples Epoxy 1. However, due to an alternative material used in this study, the results
of this solution deviate from that of conventional TRC with an epoxy resin matrix [44-46]
and a comparison of results is therefore problematic. The best-aperforming combinations
(sample series A and B) will be further investigated by mechanical tests focusing on a
detailed description of cement matrix behavior, for example the so-called pullout test based
on simple co-interaction of one cement-saturated carbon roving with concrete. Furthermore,
once sufficient performance has been determined at normal temperature, tests at elevated
temperatures will be carried out.
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Z | e —— Sample Bl
3 30004 4 ==+ Sample B2
5 ! ! 5
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Displacement [mm]
Figure 15. Evaluation of four-point bending tests of experimental samples from series A, B and C.

The next steps in future work are to try using different methods of saturation to achieve
full saturation of textile reinforcement. This includes a verification of the data measured
from the mechanical tests on experimental samples exposed to elevated temperature
according to ISO 834.
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Abstract: Textile-reinforced concrete (TRC) is a new composite material comprising high-performance
concrete and textile reinforcement from textile yarns with a matrix, usually consisting of epoxy resins
(ER). The most significant advantage of ER is the homogenization of all filaments in the yarn and full
utilization of its tensile potential. Nevertheless, ER matrix is a critical part of TRC design from the
perspective of the fire resistance due to its relatively low resistance at temperatures of approximately
120 °C. This work expands the previously performed mechanical tests at normal temperatures with
cement suspension (CS) as a non-combustible material for the yarn matrix. Here, the mechanical
properties of CS matrix at elevated temperatures were verified. It was found that the addition of
polypropylene fibers into HPC negatively affected the mechanical results of CS matrix specimens.
Simultaneously, thermal insulation effect of the covering layers with different thicknesses did not
significantly influence the residual bending strength of specimens with CS matrix and achieved
similar results as reference specimens. Furthermore, all specimens with ER matrix progressively
collapsed. Finally, CS as a textile reinforcement of yarn matrix appears to be a suitable solution for
increasing the temperature resistance of TRC structures and for substituting synthetic resins.
Keywords: cement matrix; cement suspension; carbon fibers; textile reinforced concrete;
high-performance concrete; elevated temperature; fire safety; fire resistance

1. Introduction

Textile-reinforced concrete (TRC) is currently used mainly for non-load bearing struc-
tures, design elements, and for repairing or improving existing constructions [1-5]. How-
ever, the requirements for sustainability and resilience of structures are significantly higher
than in previous years, especially regarding structure design efficiency, better material
properties or usage of materials with lower carbon footprint [6,7]. The combination of
high-performance concrete (HPC), textile reinforcement, and its synthetic matrix allows to
implement subtler structures with mechanical properties comparable to traditional rein-
forced concrete structures. Moreover, when higher quality materials with better mechanical
properties are used, it is possible to reduce the total quantity of used materials and de-
crease the final construction’s carbon footprint [8-10]. In addition, TRC achieves excellent
mechanical properties at ambient temperature (20 °C) and has a favorable impact on the
environment [8-10].

Commonly used textile-reinforced concrete consists of HPC, tensile reinforcement
consisting of carbon-fiber-reinforced polymer (CFRP) bars, and textile reinforcement as
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shear reinforcement. Based on the combination of these materials with better mechanical
properties than materials used for traditional reinforced structures, it is possible to reduce
significant quantity of used materials and thus create structures with equal load-bearing
capacities. TRC has not commonly been used for load-bearing structures so far, however,
due to its excellent mechanical properties, the use of this composite material is expected
also for load-bearing structures in the future. For this reason, a detailed assessment
of TRC from a fire-resistance point of view is required. Several studies have already
investigated the behavior of TRC at elevated temperatures. However, the exposure method
was primarily based on isothermal temperature exposure [11-13]. Therefore, for the
subsequent investigation, it is necessary to focus on temperature exposure conditions
representing real fire situations. The exposure method fulfilling this condition reflects the
standard temperature curve, according to EN 1363-1.

The main component of TRC is HPC exhibiting excellent mechanical properties like
compressive strength at ambient and elevated temperatures. Nevertheless, using HPC is
often associated with a lower water content due to the use of plasticizers. Moreover, it
implies low porosity of the hardened concrete, contributing to the higher probability of
spalling from a fire-resistance point of view.

Textile reinforcement constitutes the second part of TRC and the most commonly
used materials are carbon, glass or aramid [14,15]. Due to the excellent resistance to at-
mospheric corrosion of textile reinforcement, it is possible to design the covering layers
considering only mechanical interaction between materials. Consequently, the final cover-
ing layer thickness is around 5 to 10 mm [16] (Figure 1), making the final size of elements
smaller, thus reducing the consumption of silicate material for matrix (with associated
environmental savings).

Covering layer
Thickness 5-10 mm
______ R E R
—— -
1 i
: : Pnsitipn of textile _l_:
& reinforcement | ¥ !
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g | Inner air P
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: ] space : :
(15 Hi
: ] Position of additional 1 :
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_____________________ o
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¥
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(@
Figure 1. Scheme of the TRC beam structure (column) with hollow section

250 mm x 250 mm: (a) theoretical scheme of the column with additional CFRP bars reinforcement;
(b) developed pattern of the TRC column with two layers of textile reinforcement and CFRP tensions
bars covered by fire protection board system.

The usage of thinner covering layers usually attaining approximately 10 mm, makes
the spalling of concrete layers more important. The spalling of the surface covering layers
may fundamentally affect the load-bearing capacity of the affected structural element. To
avoid the spalling risk, surface reinforcing mesh or the addition of appropriate fibers with
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a low melting temperature may be added into the concrete mixture, as per EN 1992-1-2.
However, it is often not possible to use surface reinforcement due to the thinner cover
layer. Therefore, polypropylene (PP) fibers are most commonly used in the HPC mixture
to reduce the risk of concrete layer spalling [17,18]. Additionally, the subtle character of
TRC structures and corresponding thinner cover layers do not provide sufficient thermal
insulation. Therefore, the temperature rises significantly faster in contrast to the traditional
reinforced concrete structures, where the covering layers are designed according to EN
1992-1-2, i.e., from 20 to 50 mm. Consequently, the reinforcing carbon fibers mesh degrades
faster due to the higher temperature gradient and lower thermal mass of the TRC structure.

In general, carbon fibers have the best mechanical properties among other materials
used as textile reinforcement. They also have the highest melting point compared to
other materials, usually exceeding the temperatures attained during a fire (Table 1). The
real fire conditions are simulated based on EN 1363-1 according to the ISO 834 standard
temperature curve. The reached temperatures correspond to the duration of the fire
and typically exceed 1000 °C. For this reason, the use of carbon reinforcement seems to
be the most suitable solution at ambient and elevated temperatures because the risk of
reinforcement deterioration is minor. Moreover, carbon-based materials are characterized
as materials with the lowest energy requirements for its production. In contrast to carbon
materials, basalt fibers generally have the lowest carbon footprint while maintaining a
higher melting temperature than glass materials [8], as compared in Table 1. For this reason,
basalt appears to be a possible alternative for substituting carbon fibers.

Table 1. Comparison of mechanical properties and melting points of selected textile reinforcement

materials.
Type of Textile Reinforcement
Mechanical Attribute Carbon Fibers ~ Glass Fibers Basalt Fibers Units
[19] [20] [21]

Density ~2.0 ~25 ~2.75 kg-m~3
Tensile strength (average) 4.3 3.5 ~2.48 GPa
Modulus of elasticity (average) 240 57 76 GPa
Diameter of yarn’s filament 7-10 10-16 ~12.8 um
Melting temperature 3650 800 1100 °C

The mechanical properties of textile reinforcement can be improved by a matrix, most
commonly from synthetic resins. The matrix ensures redistribution of tensile stress into the
whole textile yarn and allows full utilization of the textile reinforcement, resulting in better
mechanical properties. Best results were observed with simple epoxy resin curing process
and homogenous consistency, enabling full penetration of the tensile reinforcement [22,23].
On the other hand, increased brittleness was observed for textile reinforcement penetrated
with epoxy resins. This implies brittle behavior when the tensile strength of reinforcement
is exceeded. Therefore, structures reinforced by textile reinforcement with synthetic matrix
attain lower ductility than traditional construction elements reinforced by steel reinforce-
ment. An organic textile matrix can be substituted by inorganic materials like cement,
cement suspensions, and mortars [24-27]. However, these materials do not achieve as
excellent results as synthetic resins, primarily due to the non-homogeneity of penetration
fluid. The resulting utilization of reinforcement is hence reduced (Figure 2).

The temperature resistance of synthetic resins is represented by a temperature interval
called “glass transition temperature interval”. When this temperature interval is exceeded,
the modulus of elasticity rapidly decreases, and deformations occur [28]. For commonly
used resins, the glass transition temperature equals approximately to 80-120 °C. Due to the
low temperature resistance, the synthetic resin matrix proves to be the weakest point of the
TRC design from the perspective of fire resistance. Another possibility is to substitute it by
synthetic resins with significantly higher temperature resistance exceeding, approximately,
240 °C [29]. However, the curing process of these resins is often significantly complicated
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and usually requires elevated pressure and temperatures. For this reason, the use of these
products with higher temperature resistance is often inappropriate due to technological
processes in the construction of structures in civil engineering. Furthermore, these organic
synthetic resins can also theoretically contribute to pressure increase within the structure
due to the resin thermal decomposition products and subsequently negatively affect the
spalling risk. Simultaneously, these decomposition products may also contribute to the
development of fire [30,31].

Dlaml.tu of the Y . Diameter of the
' textile filament 4 mr:]-, filament

SIZL of matrix P Size of matrix
partldLs é& ) partlclu .... %.
RN '.i . %
At (
B v e
| b f} (Y({) \43_4':_‘ .
V. J. . JK.

3_ oo

\

Legend:

| | Saturated part of textile reinforcement
(activated filaments)

L | Unsaturated area of textile reinforcement
= 7 7 (unactivated filaments)

@  Textile filament
Border of textile yarn

Figure 2. Scheme of tensile reinforcement saturation: (a) textile reinforcement penetrated by material
with a homogenous structure such as epoxy resin—full activation of yarns is achieved; (b) textile
reinforcement penetrated by suspension with particles larger than the filaments of the yarn—central
part of yarn is not activated.

In general, the solution for preventing negative impact of synthetic resins during fire is
to apply additional fire protection layers, i.e., boards or plasters. These protection systems
can avoid the undesirable increase of temperature in the construction and thus prevent
a weakening or collapse of the whole structure. The subtle character and environmental
advantage will be infringed when an additional fire protection layer is applied. A suitable
solution can be when materials with better temperature resistance are used instead of
the additional fire protection systems, thus maintaining better carbon footprint, economic
efficiency, and subtle character of the TRC structures.

A suitable solution can also be the use of non-flammable inorganic materials instead
of synthetic resins. Previous research verified that cement suspension with CEM 52.5 R
achieved an approximately 30% improvement in comparison with reference specimens
with epoxy resin [32]. Although cement suspensions do not achieve such results at ambient
temperature as synthetic resins, they significantly exceed their temperature resistance at
elevated temperatures. For this reason, this work aims to demonstrate a comparison of
the behavior of organic (epoxy resin) and inorganic (cement suspension) textile reinforce-
ment matrices at elevated temperatures, according to the ISO temperature curve. The
test specimens in this work were designed with carbon reinforcement, which achieved
satisfactory temperature resistance and allowed to separate the influence of the textile
reinforcement matrix at elevated temperatures for both matrix variants. Test specimens
were also designed with and without PP fibers in the HPC mixture. A four-point bending
test verified the resulting change in mechanical properties, including comparison with
reference specimens that have not been exposed to fire.
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Given the above, the main objective of this work is the determination of the interaction
effect between the textile reinforcement and HPC in comparison to samples achieving high
temperatures during the fire tests. The proposed hypothesis that cement-based suspension
has sufficient performance to be a possible replacement for epoxy resin, will be tested trough
the proposed experimental evaluation and result analysis. This will provide the basis for a
more effective design of load-bearing structures made from TRC without additional fire
protection and describe the behavior of TRC with inorganic textile reinforcement matrix at
elevated temperatures.

2. Materials and Methods
2.1. Test Specimens

The geometry of test specimens was chosen to reflect the application in subtle-walled
structures, such as load-bearing wall panels, columns with a hollow cross-section or facade
elements. Therefore, the dimension selected are 100 mm x 360 mm with a thickness of
30 mm. The test specimen series were designed with a different covering layer thicknesses,
textile reinforcement matrix material, and the addition of PP fibers in the HPC mixture.
Each series contained five identical samples that were exposed to elevated temperatures.
At the same time, reference specimens were created for each test series. For the description
and labelling of the test series, see Table 2.

Table 2. Description of the test series.

Lab.e11111g of Covering Tensile Reinforcement Variant

Series Layer

[-] [mm] [-]

C-0/CPP-0 0 Textile reinforcement saturated with CEM 52.5 R suspension
S-0/SPP-0 0 Prefabricated textile reinforcement saturated by epoxy resin
C-5/CPP-5 5 Textile reinforcement saturated with CEM 52.5 R suspension
S-5/CPP-5 5 Prefabricated textile reinforcement saturated by epoxy resin
C-10/CPP-10 10 Textile reinforcement saturated with CEM 52.5 R suspension
S-10/SPP-10 10 Prefabricated textile reinforcement saturated by epoxy resin

Legend: C—cement suspension; S—Solidian prefabricated grid; ! The test series marked as xPP-y indicate the
addition of the PP fibers to the HPC mixture.

During the development of specimens, the tensile reinforcement layer was placed in
different positions, depending on the specific specimen series (Figure 3). The thickness of
the covering layer varied from 0 mm to 10 mm (Table 2). The corresponding covering layer
position was defined by fixing the saturated reinforcing yarns in the mould walls. At the
same time, accompanying beam and cube specimens for the determination of mechanical
properties of HPC according to EN 12395-3 and EN 12390-5 were created. The dimensions
of specimens were 40 mm x 40 mm x 160 mm and 100 mm x 100 mm x 100 mm.

Two different variants of textile reinforcement were used. The first variant contained a
prefabricated carbon grid saturated by an epoxy resin matrix. This commercial product is
available as Q85/85-CCE-21 from the Solidian company. The second variant of specimens
used carbon rovings Tenax® E HTS 40. The second variant of reinforcement was subse-
quently impregnated with a cement suspension. The suspension was prepared from cement
CEM 52.5 R according to [32] with water with a ratio of 1:2. Several rollers mechanically
pressed and pulped the carbon yarn, which enabled deeper penetration of the cement
suspension. Related mechanical properties of the textile reinforcement were drawn from
the technical sheets of products and described in Table 3.
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Variant A Variant B Variant C

25

100
25

0, 30 % B, 25 210, 20
T 1 I 1%
Legend:

:_ ) ] High-performance concrete
Position of the carbon tensile reinforcement

[7 | Side of the specimen exposed to elevated temperature
i

Figure 3. Scheme of the test plate specimens and position of the tensile reinforcement Legend: Variant
A—plate specimens with 0 mm covering layer used for direct exposure of textile reinforcement to
fire Variant B—5 mm covering layer as minimum possible covering layer regarding the interaction
between the materials Variant C—standard 10 mm covering layer of TRC structures.

Table 3. Material data of carbon reinforcement.

Tensile Properties Q85/85-CCE-21 E HTS 40 Units
Tensile strength 4000 4300 MPa
Modulus of elasticity 230 240 GPa

The HPC mixture developed at CTU in Prague was chosen for specimens’ develop-
ment. Based on the corresponding type of test specimens described in Table 2, the related
variant of HPC mixtures provided in Table 4 was used. The mechanical properties of
the cured concrete attained approximately the compressive strength of 110 MPa, tensile
strength of 11 MPa with the modulus of elasticity equal to 49.5 GPa.

Table 4. HPC mixtures components.

Labeling of HPC Mixture No. 1 No. 2
Mixture Components Quantity
kg-m—3

CEMT1425R 650 650

Silica sand 1200 1200
Silica flour (ground quartz) 265 265
Silica fume (microsilica) 75 75
Superplasticizer 16 16
Water 180 180

Polypropylene fibers 4.0 -
Total 2390 2386
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After the tensile reinforcement was placed in the correct height position, wire thermo-
couples were attached to the surface of the reinforcement layer. To prevent the shifting of
the thermocouple’s measuring end, all thermocouples were mounted on a support con-
struction independent of the test specimen’s mould. After 24 h, specimens were removed
from the mould and subsequently conditioned for 28 days according to EN 12390-2 in the
lime-water bath.

2.2. Fire Tests Instrumentation

All fire tests were carried out in a mobile fire furnace called miniFUR developed
at CTU in Prague. The supporting structure of the test furnace is made of steel profiles
covered by cement-fiber panels. The dimensions of the furnace combustion space are
800 mm x 800 mm x 1200 mm. Natural furnace ventilation is ensured through two in-
let openings at the furnace bottom and two exhaust openings. The size of all vents is
100 mm x 300 mm. Temperature distribution within the fire furnace is accomplished by a
sand burner positioned in the center. The fuel used is propane 2.5 and it is possible to apply
temperature curves in the heated space corresponding to ISO 834 according to EN 1363-1.

There were 8 specimens tested at once: In both short ends of the furnace, aerated
concrete block walls were mounted. In the wall, in the height of 530 mm above the furnace
floor, steel frames were placed to accommodate and hold 4 specimens in position. An
expansion space between the test specimen and the holding steel construction was left to
prevent mechanical stress due to the thermal expansion of specimens. The surroundings
around the steel structure with test specimens were protected by thermal insulation from
mineral wool and aerated concrete blocks (Figure 4).

p- |

—® o

burning space

(a)

Furnace

(b)

Figure 4. Scheme of the position of the test specimens: (a) side view on the specimen placements;

(b) view from inside the furnace of the placed test specimens Legend: 1—exposed side of the test
specimen; 2—steel construction holding test specimens; 3—furnace front wall from aerated concrete
blocks thickness 100 mm; 4—ceiling of the furnace.

During the fire tests, the gas temperature was measured using eight sheathed thermo-
couples @ 3.0 mm, type K. The thermocouples were placed at 300 mm and 600 mm from the
furnace floor. Based on the measured data, the temperature course in the burning space was
compared and controlled according to the temperature curve limits specified in EN 1363-1
for ISO 834. The temperature of the test specimens was monitored by wire thermocouples
in the textile reinforcement layer. Data acquisition for all measured temperatures was
provided through a measuring control panel, module EDAM-5019.
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2.3. Mechanical Testing

The mechanical properties of the hardened concrete HPC mixture were determined
according to EN 12395-3 and EN 12395-5. Tensile strength of the HPC was determined
by the three-point bending test. Resulting tensile strength was calculated according to
Equation (1).

fe = (3-Fe)/(2-d1-dp?) @

where: f—bending tensile strength (MPa); F;—measured force value during the mechani-
cal test; | —distance between supports (100 mm); d; and d, width of samples (mm). The
resulting value was rounded to the nearest 0.1 MPa.

The compressive strength was determined as an average of the results from tested HPC
cubes 100 mm x 100 mm x 100 mm and fractions of the beam samples from three-point
bending tests according to equation 2.

fe =Ft/Ac =F/(d1-dp) @

where: f.-—compression strength (MPa), Fi—maximum load value during the compression
test (MPa); d; and dy—the sample cross-sectional area (mm). The resulted value was
rounded to the nearest 0.5 MPa.

The bending strength of the reference plate specimens and residual bending strength
of specimens exposed to elevated temperature was determined by a four-point bending
test (Figure 5). The maximal applied force was measured during the mechanical test before
the rupture, or when massive deformation of samples has occurred. The force applied
during the mechanical test was transferred through a steel element with three degrees
of freedom to eliminate geometric imperfections in the test body and to ensure uniform
loading. The distance between the steel cylinders of mechanical press was 100 mm. The
velocity of applied force was set at 2 mm-min~!. The entire mechanical test was carried out
according to EN 12390-5.

Figure 5. Test specimen place in the mechanical press for four-point bending test.

The four-point bending mechanical tests were performed in the appropriate mechani-
cal press Galbadini Quasar 10 kN. For test specimens with an epoxy resin matrix, Galbadini
Quasar 100 kN was used. Based on the technical data sheets of measurement devices, the
accuracy of measurements for both presses was determined as class 1 accuracy with a
deviation +1% from the maximal load-cell value (according to EN ISO 7500/1).
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2.4. Statistical Evaluation Data Analysis

For measured gas temperature and temperature of the specimens exposed to fire, the
expanded measurement uncertainty was determined with uncertainty coefficient ky = 2.0
for the interval containing 95% of values. All statistical evaluation was performed in MS
Excel 365 and GraphPad Prism 8.0.

3. Results and Discussion
3.1. Testing at Ambient Temperature

PP fibers have been added to the HPC mixture to reduce the risk of spalling of concrete
layers according to EN 1992-1-2. Due to the PP fibers added in the HPC mixture, the
final compressive strength was reduced by 9% and tensile strength by 2%. The resulting
compressive strength of used HPC with/without PP fibers measured was 109.6/119.4 MPa,
while for tensile strength of HPC with/without PP fibers it was 12.5/13.0 MPa.

The bending strength of all reference specimens was determined in four-point bending
tests. Based on these mechanical tests, the negative influence of PP fibers in the concrete
mixture on specimens, especially with cement suspension matrix (CPP series), was observed
(Figure 6a—c). The maximum measured strength peak of specimens with cement matrix
was shifted approximately 1 mm closer to the initial concrete crack at the tensile surface
of the specimens. Concurrently, the maximum measured value of bending strength was
approximately 24% less than for specimens without PP fibers (C series). In contrast, in
test specimens with an epoxy resin matrix (SPP series), a significant effect of PP on the
attained bending strength was not observed, as was the case for samples with cement
suspension matrix (Figure 6d-f). Simultaneously, a different pattern of specimen failure can
be observed. In specimens with a cement suspension matrix, the reinforcing carbon yarns
were pulled out, and progressive collapse did not occur. On the contrary, the specimens with
epoxy resin matrix were broken after reaching the tensile strength of carbon reinforcement.

3.2. Testing at Elevated Temperatures

In the second phase of experimental work, fire tests were performed. Each series
of test specimens, excluding reference specimens, was exposed to the ISO 834 standard
temperature curve according to EN 1363-1 (Figure 7a). A higher difference between the
actual measured gas temperature and the ISO temperature curve was observed from the 5th
to 8th minute. Nevertheless, the temperatures did not exceed the ISO temperature curve
limits. For this reason, the temperature distribution in the test furnace was satisfactory for
each fire test.

Temperatures measured on the unexposed side of the tensile reinforcement layer
differed according to the thickness of the covering concrete layer (Figure 7b). For specimens
with an epoxy resin matrix (SPP series), higher temperature was measured in the specimens
of variants SPP0 and SPP5. This was caused by the complete or partial burning out of the
epoxy resin material, as determined by visual analysis after the mechanical tests. In both
cases (SPP-0 and SPP-5), the temperatures exceeded approximately 280 °C, implying an
advanced epoxy resin decomposition phase. On the contrary, for specimens with a 10 mm
cover layer (SPP-10), the temperature did not exceed 200 °C, and the epoxy resin did not
burn out. The temperature difference of both samples’ series with cement and epoxy resin
matrix (with covering layer of 5 and 10 mm) was approximately 20 °C.

After fire exposure, the specimens with PP fibers (CPP/SPP series) added into the HPC
mixture retained their integrity. However, for specimens without PP fibers, the destruction
of all specimens occurred due to the increase of inner water vapor pressure and closed pore
structure of HPC. The increased internal pressure, combined with the subtle character of
specimens, has led to the loss of integrity of the entire test specimens without PP fibers
before the end of the fire test. Therefore, it was impossible to determine the residual
bending strength of these specimens.



Polymers 2022, 14, 2174 10 of 16

4.0 1 11 1§
Covering layer = 0 mm i Covering layer =0 mm
3.5 1 Referencesamples g
3.0 (without PP fibres)
. 8 1 - Sampleswith
—25 = 7 PP fibres
é Samples with g 6 -
£ 2.0 1 PP fibres & ;)
S °
1S A By
1.0 31
3 -
0.5 i Referencesamp
(without PP ﬁhxles)
0.0 + T T T T T ] 0+ v v T - - v
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Displacement [mm] Displacement [mm]
(@ (d)
4.0 1 12 1 o s
Covering layer =5 mm | Covering layer =5 mm
38 :; EA o
301 Referencesamples i
—25 (without PP fibres) 81
z F. J
izo Samples with 7
g PP fibres £ °1 %
€15 4 &
o 4- Reference samples
: : (without PP fibres)
0.5 4
1
0.0 + T T u T T J (1] - - - + ¥ T T )
0 1 2 3 4 s 6 0 1 2 3 4 s 6 7 8 9
Displacement [mm] Displacement [mm]
(b) (e)
3.5 1 10 1
Covering layer = 10 mm Covering layer = 10 mm
3.0 - 9 1 Referencesamples
Referencesamples 8 4 (without PP fibres)
2.5 {without PP fibres)
= Samples with 7 =3
's_i_z,o ] PP fibres :ﬁ_ 6 . 7
M “ 5 ~
£ ] e ey
& 1 g 4 i
1.0 3
0.5 | / . Samples with
' 1 PP fibres
0.0 + T - T + - 3 0 T T r— T T T T =
0 1 2 3 4 5 6 0 1 2 3 4 5 6 7 8 9 10
Displacement [mm] Displacement [mm]
(0) (f)
e—— imens made from HPC mixture No. 1 —— Specdimens made from HPC mixture No. 2

Figure 6. Bending strength of reference specimens with cement suspension matrix (a—c) and epoxy
resin matrix (d-f) for different thickness of the covering layer.
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Figure 7. Measured temperature from the test furnace and tested specimens: (a) average temperature
curve in the test furnace; (b) measured average temperatures of the specimens on the inner surface of
the textile reinforcement for different covering layers and concrete mixture variants.

Different behavior was observed for test specimens with the addition of PP fibers using
various materials of the textile reinforcement matrix. For cement suspensions specimens,
spalling of concrete layers did not occur in any test. Only transverse cracks were observed
because of the fire exposure, (Figure 8).

Figure 8. Test specimen with 10 mm covering layer and an addition of PP fibers in concrete mixture
(HPC mixture No. 1)—the development of a transverse crack during a fire test.

Similar behaviour was observed for specimens with epoxy resin matrix and no cover-
ing layer (SPP-0). The absence of spalling may be due to the reinforcing layer being placed
near the fire exposed surface. This layer allowed additional reinforcement against spalling.
On the other hand, no additional pressure accumulation could occur due to the thermal
degradation of the epoxy resin. In contrast, for the test specimens with a covering layer of
5 and 10 mm (series SPP-5 and SPP-10), a separation of the entire area of the covering layer
at the exposed surface of the textile reinforcement was observed. It occurred probably due
to the influence of the epoxy resin thermal decomposition products in combination with
the epoxy resin’s loss of mechanical strength and due to the phase transition. As a result,
the covering layer was weakened at this point and subsequently, the covering layer spalled
off. Especially specimens with a cover layer of 5 mm showed only local spalling due to the
possibility of water vapor and epoxy resin thermal decomposition products migration to
the outside of the test specimen. On the contrary, for specimens with a covering layer equal
to 10 mm (SPP-10), a cavity was formed between the covering layer and the rest of the
test specimen. In most cases, the covering layers fell off, leaving the textile reinforcement
directly exposed to fire. Therefore, it was not possible to determine residual bending
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strength. The smooth surface character of the textile reinforcement saturated by epoxy resin
is also a significant contribution to the covering layer spalling at the zone of the reinforcing
mesh. Moreover, due to the phase transition of epoxy resin, the epoxy resin is losing its
mechanical properties. Therefore, the adhesion between materials weakened. Only in one
case of the SPP-10 test series the specimen’s integrity was maintained and it was possible
to determine the residual bending strength (Figure 9).

Figure 9. Test specimen of SPP10 series after the covering layer spalled off after the fire experiment
(no direct exposure of the reinforcing layer during fire test occurred).

Based on the four-point bending test data, the residual bending strength of specimens
exposed to elevated temperatures was determined. It was observed that the textile rein-
forcement from epoxy resin completely burned out due to the direct fire exposure of textile
reinforcement or due to exceeding the ignition temperature of epoxy resin (Figure 7b) when
the covering layer did not spall. On the contrary, cement matrix was damaged on the
surface only partially and the interaction between materials remain undisturbed to a certain
extent (Figure 10).

| Ambient temperature Post-fire expopsure

50
Soes

Fire exposure

Epoxy resin
matrix

Cement suspension
matrix

Legend:
[T /7] saturated part of textile reinforcement (activated filaments)
I:| Unsaturated area of textile reinforcement {unactivated filaments)
[ ] Burned-out textile reinforcement matrix

@ Interacting textile filament

@  Non-interacting textile filament
Coherent border of textile yarn
— — — . Pulped border of textile yarn

Figure 10. Schematic description of the fire exposure influence to a different type of textile
reinforcement matrix.

Tested specimens with cement suspension matrix at elevated temperatures showed
a similar trend of bending strength capacity as the reference specimens (Figure 11a—c).
The results show that these specimens did not incur a significant decrease of mechanical
bending strength as in the case of samples with the epoxy resin matrix. This was caused by
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better temperature resistance of the cement suspension matrix material. Due to temperature
effects, the bending strength decreased by approximately 40%. Simultaneously, the cement
suspension samples showed a significant increase in ductility. Higher ductility was caused
by gradual pull out of individual filaments of the carbon yarn during the whole mechanical
test. In contrast to the specimens with an epoxy resin matrix, textile reinforcement did not
drop out during mechanical tests, and the progressive break did not occur.
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Figure 11. Comparison of the resulting residual strength of the test plate specimens after the fire test
with reference specimens: (a—c) test plate specimens with cement suspension matrix; (d—f) test plate
specimens with epoxy resin textile reinforcement matrix Note: All specimens mentioned in Figure 11
were made according to Table 4 from the HPC mixture No. 1.
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In tested specimens with an epoxy resin matrix (SPP series), we observed a signif-
icant degradation of the epoxy resin due to the attained temperatures during the fire
test (Figure 7). Therefore, a significant loss of mechanical properties of these specimens
occurred (Figure 11d—f). During the fire tests, this matrix was partially burned out. Subse-
quently, the ability to homogenize the individual filaments in the textile yarn was infringed.
In contrast to the reference specimens with epoxy resin matrix, a progressive break did
not occur when the tensile strength of textile reinforcement was reached. Specimens with
epoxy resin tensile reinforcement matrix exposed to elevated temperature were broken due
to the pulling of textile reinforcement or breakage due to absent interaction between the
textile reinforcement and HPC—the textile reinforcement disengaged from HPC.

4. Conclusions

Based on previous experimental work [32], where the behavior of the cement suspension
matrix was analyzed at ambient temperature, the experimental investigation described in this
study focused on assessing residual bending strength at elevated temperature. As part of the
experimental work, plate test specimens with dimensions 100 mm x 360 mm x 30 mm with
different textile reinforcement matrix materials were tested. Also, the influence of the presence
of polypropylene (PP) fibers in the high-performance concrete (HPC) mixture was assessed.
Based on tests at ambient and elevated temperatures, the conclusions of the study are
summarized as follows:

e  Bending strength of specimens with cement suspension matrix (CPP series) decreased
by approximately 24% due to the addition of the PP fibers into the HPC mixture.
Simultaneously, the measured peak of the bending strength and the corresponding
deformation were reduced by approximately 1 mm. However, based on the fire
tests, the absence of PP fibers in the HPC mixture negatively affected the mechanical
properties of these specimens at elevated temperatures. All test specimens without PP
fibers failed due to the massive spalling of the concrete layers, and it was not possible
to determine their residual bending strength.

e  Performed fire tests clearly demonstrated the positive effect of improved temperature
resistance while using a non-combustible matrix of cement-based textile reinforcement.
Although the test specimens did not achieve as high bending strengths as those with
an epoxy resin matrix, no progressive failure occurred due to the loss of engagement
among the materials after exposure to fire. Concurrently, specimens with cement
suspension show significantly better performance than the samples without any matrix
of textile reinforcement as described in [32]. Moreover, a similar trend of attained
bending strength was observed for the reference specimens, although the residual
bending strength decreased by approximately 40%.

e  Tested specimens with cement suspension showed different failure modes. There was
no progressive break but a gradual pulling out of the textile reinforcement. That is
why these samples showed significantly higher ductility than samples with epoxy
resin matrix.

e  For test specimens with cement suspension matrix, spalling of the concrete layers did
not occur, in contrast to the test specimens with synthetic resin matrix. Generally, epoxy
resins can facilitate the spalling of the concrete layer. This is due to the originating
epoxy resin thermal decomposition products during the fire test. These products can
contribute to the pressure from the evaporated water and accelerate the spalling of the
concrete layers. Simultaneously, upon contact with flames, these products can ignite
and thus directly contribute to the development of a fire.

The study shows that using silica-based materials as a textile reinforcement matrix
positively affects mechanical properties of specimens after exposure to elevated tempera-
ture. However, it is mainly a matter of finding a compromise between maximum bending
potential, ductile behavior, or preservation of mechanical properties after exposure to fire.
Due to the better temperature stability of silicate (non-flammable) suspension, there was
no rapid decrease in residual bending strength.
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A similar trend of decreasing bending strength was described in the study [13], where
the specimens with glass textile reinforcement were tested. However, in other studies
evaluating TRC at elevated temperatures, it was impossible to compare the measured results
effectively due to different testing methodologies [11,12]. Nevertheless, since the measured
strengths were lower than reference samples at ambient temperature, it is necessary to
research this topic further and verify the use of other matrix materials, such as geopolymers,
or search for a different method of impregnating textile fibers. In addition, more fire tests
shall be performed, in order to get results of TRC behavior that correspond to fire exposure
according to realistic fire, which is in agreement with Kapsalis et al. [33].

Given the results of the experimental study presented, it may by stated that the
hypothesis of suitability of cement suspension as a replacement for epoxy resin matrix has
been confirmed at elevated temperatures. Nonetheless, the performance of cement-based
matrix at normal temperatures is not sufficient, hence further research will be focused on
noncombustible matrix materials, geopolymers in particular.
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